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PREFACE  TO  PAET  II. 

The  delay  in  the  appearance  of  this  volume  finds  an  apology 
partly  in  circumstances  of  a  private  character,  partly  in 
public  engagements  that  could  not  be  declined,  but  most  of 
all  in  the  growth  of  the  work  itself  as  it  progressed  in  iny 
hands.  I  have  not,  as  some  one  prophesied,  reached  ten 
volumes;  but  the  present  concluding  volume  is  somewhat 
larger  and  has  cost  me  infinitely  more  trouble  than  I 
expected. 

The  main  object  of  Part  II.  is  to  deal  as  thoroughly  as 
possible  with  those  parts  of  Algebra  which  form,  to  use 
Euler's  title,  an  Introdtictio  in  Analysin  Infinitorum,  A 
practice  has  sprung  up  of  late  (encouraged  by  demands  for 
premature  knowledge  in  certain  examinations)  of  hurrying 
young  students  into  the  manipulation  of  the  machinery  of 
the  Differential  and  Integral  Calculus  before  they  have 
grasped  the  preliminary  notions  of  a  Limit  and  of  an 
Infinite  Series,  on  which  all  the  meaning  and  all  the  uses 
of  the  Infinitesimal  Calculus  are  based.  Besides  being  to 
a  large  extent  an  educational  sham,  this  course  is  a  sin 
against  the  spirit  of  mathematical  progress.  The  methods 
of  the  Differential  and  Integral  Calculus  which  were  once 
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an  outwork  in  the  progress  of  pure  mathematics  threatened 
for  a  time  to  become  its  grave.  Mathematicians  had  fallen 
into  a  habit  of  covering  their  inability  to  solve  many 
particular  problems  by  a  vague  wave  of  the  hand  towards 
some  generality,  like  Taylor's  Theorem,  which  was  sup- 
posed to  give  "  an  account  of  all  such  things,"  subject  only 
to  the  awkwardness  of  practical  inapplicability.  Much 
has  happened  to  remove  this  danger  and  to  reduce  didx 
and  Jdx  to  their  proper  place  as  servants  of  the  pure 
mathematician.  In  particular,  the  brilliant  progress  on  the 
continent  of  Function-Theory  in  the  hands  of  Cauchy, 
Eiemann,  Weierstrass,  and  their  followers  has  opened  for  us 
a  prospect  in  which  the  symbolism  of  the  Dififerential  and 
Integi-al  Calculus  is  but  a  minor  object.  For  the  proper 
understanding  of  this  important  branch  of  modern  mathe- 
matics a  firm  grasp  of  the  Doctrine  of  Limits  and  of  the 
Convergence  and  Continuity  of  an  Infinite  Series  is  of  much 
greater  moment  than  familiarity  with  the  symbols  in  which 
these  ideas  may  be  clothed.  It  is  hoped  that  the  chapters 
on  Inequalities,  Limits,  and  Convergence  of  Series  will  help 
to  give  the  student  all  that  is  required  both  for  entering 
on  the  study  of  the  Theory  of  Functions  and  for  rapidly 
acquiring  intelligent  command  of  the  Infinitesimal  Calculus. 
In  the  chapters  in  question,  I  have  avoided  trenching  on 
the  ground  already  occupied  by  standard  treatises:  the 
subjects  taken  up,  although  they  are  all  important,  are 
either  not  treated  at  all  or  else  treated  very  perfunctorily 
in  other  English  text-books. 

Chapters    xxix.    and    xxx.    may    be    regarded    as    an 
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elementary  illustration  of  the  application  of  the  modern 
Theory,  of  Functions.  They  are  intended  to  pave  the  way 
for  the  study  of  the  recent  works  of  continental  mathe- 
maticians on  the  same  subject.  Incidentally  they  contain 
all  that  is  usually  given  in  English  works  under  the  title  of 
Analytical  Trigonometry.  If  any  one  should  be  scandalised 
at  this  traversing  of  the  boundaries  of  English  examination 
subjects,  I  must  ask  him  to  recollect  that  the  boundaries  in 
question  were  never  traced  in  accordance  with  the  principles 
of  modem  science,  and  sometimes  break  the  canon  of 
common  sense.  One  of  the  results  of  the  old  arrangement 
has  been  that  treatises  on  Trigonometry,  which  is  a  geometri- 
cal application  of  Algebra,  have  been  gradually  growing  into 
fragments  more  or  less  extensive  of  Algebra  itself :  so  that 
Algebra  has  been  disorganised  to  the  detriment  of  Trigone 
metry ;  and  a  consecutive  theory  of  the  elementary  functions 
has  been  impossible.  The  timid  way,  oscillating  between  ill- 
founded  trust  and  unreasonable  fear,  in  which  functions  of  a 
complex  variable  have  been  treated  in  some  of  these  manuals 
is  a  little  discreditable  to  our  intellectual  culture.  Some 
expounders  of  the  theory  of  the  exponential  function  of  an 
imaginary  argument  seem  even  to  have  forgotten  the  obvious 
truism  that  one  can  prove  no  property  of  a  function  which 
has  not  been  defined.  I  have  concluded  chapter  xxx.  with 
a  careful  discussion  of  the  Eeversion  of  Series  and  of  the 
Expansion  in  Power- Series  of  an  Algebraic  Function — 
subjects  which  have  never  been  fuUy  treated  before  in  an 
English  text-book,  although  we  have  in  Frost's  Curve  Tracing 
an  admirable  collection  of  examples  of  their  use. 
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The  other  innovations  call  for  little  explanation,  as  they 
aim  merely  at  greater  completeness  on  the  old  lines.  In 
the  chapter  on  Probability,  for  instance,  I  have  omitted 
certain  matter  of  doubtful  soundness  and  of  questionable 
utility;  and  filled  its  place  by  what  I  hope  will  prove  a 
useful  exposition  of  the  principles  of  actuarial  calculation. 

I  may  here  give  a  word  of  advice  to  young  students 
reading  my  second  volume.  The  matter  is  arranged  to 
facilitate  reference  and  to  secure  brevity  and  logical 
sequence;  but  it  by  no  means  follows  that  the  volume 
should  be  read  straight  through  at  a  first  reading.  Such 
an  attempt  would  probably  sicken  the  reader  both  of 
the  author  and  of  the  subject.  Every  mathematical  book 
that  is  worth  anything  must  be  read  "  backwards  and 
forwards,"  if  I  may  use  the  expression.  I  would  modify 
Lagrange's  advice  a  little  and  say,  "  Go  on,  but  often  return 
to  strengthen  your  faith."  When  you  come  on  a  hard  or 
dreary  passage,  pass  it  over ;  and  come  back  to  it  after  you 
have  seen  its  importance  or  found  the  need  for  it  further  on. 
To  facilitate  this  skimming  process,  I  have  given,  after  the 
table  of  contents,  a  suggestion  for  the  course  of  a  first 
reading. 

The  index  of  proper  names  at  the  end  of  the  work  will 
show  at  a  glance  the  main  sources  from  which  I  have  drawn 
my  materials  for  Part  II.  Wherever  I  have  consciously 
borrowed  the  actual  words  or  the  ideas  of  another  writer 
I  have  given  a  reference.  There  are,  however,  several 
works  to  which  I  am  more  indebted  than  appears  in  the 
bond.       Among    these    I    may   mention,  besides    Cauchy's 
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Analyse  Alg6brique,  Serret's  AlgSbre  SupSrieure,  and  Schlo- 
milch's  Algebraische  Analysis,  which  have  become  classical, 
the  more  recent  work  of  Stolz,  to  which  I  owe  many  indica- 
tions of  the  sources  of  original  information — a  kind  of  help 
that  cannot  be  acknowledged  in  footnotes. 

I  am  under  personal  obligations  for  useful  criticism,  for 
proof-reading,  and  for  help  in  working  exercises,  to  my 
assistant,  Mr.  E.  E  Allahdice,  to  Mr.  G.  A.  Gibson,  to 
Mr.  A.  Y.  Fraser,  and  to  my  present  or  former  pupils — 
Messrs.  B.  B.  P.  Brandford,  J.  W.  Butters,  J.  Crockett, 

J.  GOODWILLIB,  C.  TWEEDIE. 

In  taking  leave  of  this  work,  which  hsw  occupied  most 

of  the  spare  time  of  five  somewhat  busy  years,  I  may  be 

allowed  to  express  the  hope  that  it  will  do  a  little  in  a 

cause  that  I  have  much  at  heart,  namely,  the  advancement 

of  mathematical  learning  among  English-speaking  students 

of  the  rising  generation.     It  is  for  them  that  I  have  worked, 

remembering  the  scarcity  of  aids  when  I  was  myself  a 

student;  and  it  is  in  their  profit  that  I  shall  look  for  my 

reward. 

G.  CHRYSTAL. 

Edinburgh,  Ist  November  1889. 
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CHAPTER   XXIIL 
Permutations  and  Oombinationa 

§  1.]  We  have  already  seen  the  importance  of  the  statistic  of 
combinations  in  the  elementary  theory  of  integral  functions.  It 
was  found,  for  example,  that  the  problem  of  finding  the  co- 
efficients in  the  expansion  of  a  binomial  is  identical  with  the 
problem  of  finding  the  numbers  of  combinations  of  a  certain 
number  of  things  taken  1,  2,  3,  &c.,  at  a  time.  Besides  its 
theoretical  use,  the  theory  of  permutations  and  combinations 
has  important  practical  applications;  for  example,  to  economic 
statistics,  to  the  calculus  of  probabilities,  to  fire  and  life  assur- 
ance, and  to  the  theory  of  voting. 

Beginners  usually  find  the  subject  somewhat  difficult.  This 
arises  in  part  from  the  fineness  of  the  distinctions  between  the 
different  problems,  distinctions  which  are  not  always  easy  to 
express  clearly  in  ordinary  language.  Close  attention  should 
therefore  be  paid  to  the  terminology  we  are  now  to  introduce. 

§  2.]  For  our  present  purpose  we  may  represent  individual 
things  by  letters. 

By  an  r-permuiation  of  n  letters  we  mean  r  of  those  letters 
arranged  in  a  certain  order,  in  a  straight  line.  An  ti-permutar 
tion,  which  means  all  the  letters  in  a  certain  order,  is  sometimes 
called  tk  permutaiion  simply. 

Example.  The  2-permut&tionB  of  the  three  letters  a,  6,  c  are  (c,  c& ;  oc,  ea ; 
abt  ba.    The  permutations  of  the  three  letters  are  abe,  aj6b ;  hac^  bca  ;  cab,  cba. 

By  an  r-comhiruUion  of  n  letters  we  mean  r  of  those  letters 
considered  without  reference  to  order. 

Example.  The  2-combmatiQ]i8  of  a,  b,  eurebcy  aCj  ab. 

VOL.  II.  B- 
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2  MOBES  OF  PROOF  ohap. 

ti^  Unless  the  contrary  is  stated,  the  same  letter  is  not  supposed 
to  occur  more  than  once  in  each  combination  or  permutation. 
In  other  words,  if  the  n  letters  were  printed  on  n  separate 
counters  each  permutation  or  combination  could  be  actually 
selected  and  set  down  before  our  eyes. 

Another  point  to  be  attended  to  is  that  in  some  problems 
certain  sets  of  the  given  letters  may  be  all  alike  or  indifferent; 
that  is  to  say,  it  may  be  supposed  that  no  alteration  in  any 
permutation  or  combination  is  produced  by  interchanging  them. 

§  3.]  The  fundamental  part  of  every  demonstration  of  a 
theorem  in  the  theory  of  permutations  and  combinations  is  an 
enumeration.  It  is  necessary  that  this  enumeration  be  systematic 
and  exhaustive.  If  possible  it  should  also  be  simplex,  that  is, 
each  permutation  or  combination  should  occur  only  once ;  but  it 
may  be  multiplex,  provided  the  degree  of  multiplicity  be  ascer- 
tained (see  §  8,  below). 

Along  with  the  enumeration  there  often  occurs  the  process 
of  reasoning  step  by  step,  called  mathematical  induction. 

The  results  of  the  law  of  distribution,  as  applied  both  to 
closed  functions  and  to  infinite  series,  are  often  used  (after  the 
manner  of  chap,  iv.,  §§  5,  11,  and  exercise  vi  30)  to  lighten 
the  labour  of  enumeration. 

All  these  methods  of  proof  will  be  found  illustrated  below. 
We  have  called  attention  to  them  here  in  order  that  the  student 
may  know  what  tools  are  at  his  disposal 


PERMUTATIONS. 

§  4.]  The  nuntber  of  r-permtiiations  of  n  letters  («Py)  is 
n(w-l)(n-2)  .  .  .  (n-r+1). 

1st  Proof — Suppose  that  we  have  r  blank  spaces,  the  problem 
is  to  find  in  how  many  different  ways  we  can  fill  these  with  n 
letters  all  different 

We  can  fill  the  first  blank  in  n  different  ways,  namely,  by 
putting  into  it  any  one  of  the  n  letters.  Having  put  any  one  letter 
into  the  first  blank,  we  have  n-l  to  choose  from  in  filling  the. 
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XXIII  r-PERMUTATIONS  3 

second  blank.  Hence  we  can  fill  the  second  blank  inn- I  differ- 
ent ways  for  each  way  we  can  fill  the  first.  Hence  we  can  fill 
the  two  first  in  n{n  -  1)  ways. 

When  any  two  particular  letters  have  been  put  into  the  first 
two  blanks,  there  are  ti  -  2  left  to  choose  from  in  filling  the  third. 
Hence  we  can  fill  the  first  three  blanks  in  n(n  -  1)  times  (n-2) 
ways. 

Beasoning  in  this  way,  we  see  that  we  can  fill  the  r  blanks  in 
n(n -  1) (» -  2)  .  .  .  (n-r+l)  ways. 

Hence  nPr  =  n(n-l)  .  .  .  (n-r+l). 

2nd  Proof, — We  may  enumerate,  exhaustively  and  without 
repetition,  the  n*Pr  r-permutations  as  follows : — 

1st.  All  those  in  which  the  first  letter  a^  stands  first ; 

2nd.  All  those  in  which  a.  stands  first :  and  so  on. 

There  are  as  many  permutations  in  which  ai  stands  first  as 
there  are  (r  -  l)-permutations  of  the  remaining  n  -  1  letters,  that 
is,  there  are  n-iPr-i  permutations  in  the  first  class.  The  same 
is  true  of  each  of  the  other  n  classes. 

Hence  f^r  =  ^n  -  i^r  - 1* 

Now  this  relation  is  true  for  any  positive  integral  values  of 
n  and  r,  so  long,  of  course,  as  r^n.     Hence  we  may  write 


n-iPr-i  =  (n  -  l)n-«Pr- 


If  now  we  multiply  all  these  equations  together,  and  observe 
that  all  the  Fs  cancel  each  other  except  „Pr  and  ^-r+iPi)  And 
observe  further  that  the  value  of  n-r+i^i  is  obviously  n-r+l, 
we  see  that 

nPr  =  «(n-l)  .  .  .  (n-r  +  2)(n-r+l)  (1). 

The  second  proof  is  not  so  simple  as  the  first,  but  it  illustrates 
a  kind  of  reasoning  which  is  very  useful  in  questions  regarding 
permutations  and  combinations. 
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4  LINEAR  AND  CIRCULAR  PERMUTATIONS  chap. 

Cor.  1.  The  number  of  different  ways  in  which  a  set  of  n  letters 
can  he  arranged  in  linear  order  is 

n{n-l)  .  .  .  3.2.1, 

that  is,  the  product  of  the  first  n  integral  numbers. 

This  follows  at  once  from  (1),  for  the  number  required  is  the 
number  of  n-permutations  of  the  n  letters.  Putting  r  =  w  in 
(1),  we  have 

nPn  =  n(n-l)  ...  2.1  (2). 

The  product  of  the  first  n  consecutive  integers  may  be  re- 
garded as  a  function  of  the  integral  variable  n.  It  is  called 
factorial-^,  and  is  denoted  by  n!  .* 

Cor.  2.  nPr  =  n!/(n-r)!. 
For  nPr  =  n(^^-l)  .  .  .  (»-r+l), 

nin-\)  .  .  .  {n-r+\)(n-r)  .  .  .  2.1 
"  (n  -  r)  .  .  .  2  .  1  ' 


{n-r)\ 

Cor.  3.  The  number  of  ways  of  arranging  n  letters  in  circular 
order  is  (n-  1)!,  (?r  (n-  l)!/2,  according  as  clock-order  and  counter- 
clock-order  are  or  are  not  distinguished. 

Since  the  circular  order  merely,  and  not  actual  position,  is 
in  question,  we  may  select  any  one  letter  and  keep  it  fixed.  We 
have  thus  as  many  different  arrangements  as  there  are  (n  -  l)-per- 
mutations  of  the  remaining  w  -  1  letters,  that  is  (n  -  1)!. 

If,  however,  the  letters  written  in  any  circular  order  clock- 
wise be  not  distinguished  from  the  letters  written  in  the  same 
order  counter-clock-wise,  it  is  clear  that  each  arrangement  will 
be  counted  twice  over.  Hence  the  number  in  this  case  is 
(n-l)!/2. 

§  5.]  When  eadi  of  tJie  n  letters  may  he  repeated,  the  number  of 
r-permviations  is  n^, 

*  This  is  Kramp's  notation.  Formerly  j^was  used  in  English  works,  but 
this  is  now  being  abandoned  on  account  of  the  difficulty  in  printing  the  |_. 
The  value  of  1 !  is  of  course  1.  Strictly  speaking,  0 1  has  no  meaning.  It  is 
convenient,  however,  to  use  it,  with  the  understanding  that  its  value  is  1  ;  by 
so  doing  we  avoid  the  exceptional  treatment  of  initial  terms  in  many  series. 
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xxni  CASE  WU£RE  LETTERS  ARE  ALIKE  O 

Suppose  that  we  hare  r  blanks  before  us.  We  may  fill  the 
first  in  n  ways ;  the  second  also  in  n  ways,  since  there  is  now  no 
restriction  on  the  choice  of  the  letter.  Hence  the  first  two  may 
be  filled  in  n  x  n,  that  is,  n'  ways.  With  each  of  these  n'  ways 
of  filling  the  first  two  blanks  we  may  combine  any  one  of  the  n 
ways  of  filling  the  third ;  hence  we  may  fill  the  first  three  blanks 
in  n*  xn,  that  is,  n^  ways,  and  so  on.  Hence  we  can  fill  the  r 
blanks  in  n^  ways. 

§  6.]  The  number  of  permutaiians  of  n  letters  of  which  a  group 
of  a  are  aU  alike^  a  group  of  ft  all  alike,  a  group  of  y  all  alike, 
d:c.y  is 

n\/a\p\y\  .  .  . 

Let  us  suppose  that  x  denotes  the  number  in  question.  If 
we  take  any  one  of  the  x  permutations  and  keep  all  the  rest  of 
the  letters  fixed  in  their  places,  but  make  the  a  letters  unlike 
and  permutate  them  in  every  possible  way  among  themselves, 
we  shall  derive  a!  permutations  in  which  the  a  letters  are  all 
unlike.  Hence  the  effect  of  making  the  a  letters  unlike  is  to 
derive  xa\  permutations  from  the  x  permutations. 

If  we  now  make  all  the  ^  letters  unlike,  we  derive  xa\p\  per- 
mutations from  the  xa\. 

Hence,  if  we  make  all  the  letters  unlike,  we  derive  akx !  j8 !  y !  .  .  . 
permutations.  But  these  must  be  exactly  all  possible  permuta- 
tions of  n  letters  all  unlike,  that  is,  we  must  have 

xall^lyl  .  .  .  =«!. 
Hence  aj  =  n!/a!^!7!  .  .  . 

Cor.  The  number  of  ways  in  which  n  things  can  be  put  inb  r 
pigeanrhoiesy  so  that  a  shall  go  into  the  first,  P  into  the  second,  y  into 
the  third,  and  so  on,  is 

n!/a!j8!yl  .  .  . 

N.B. — The  order  of  the  pigeon-holes  is  fixed,  and  must  be  attended 
to,  but  the  order  of  the  things  inside  the  holes  is  indifferent. 

Putting  the  things  into  the  holes  is  evidently  the  same  as 
allowing  them  to  stand  in  a  line  and  afBbdng  to  them  labels 
marked  with  the  names  of  the  holes.     There  will  thus  be  a 
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6  EXAMPLES  OHAP. 

labels  each  marked  1,  P  each  marked  2,  y  each  marked  3,  and 
so  on. 

The  problem  is  now  to  find  in  how  many  ways  n  labels,  a  of 
which  are  alike,  p  alike,  y  alike,  &c.,  can  be  distributed  among 
n  things  standing  in  a  given  order.  The  number  in  question  is 
n\/a\p\y\  .  .  .,  by  the  above  proposition. 

Example  1.  In  arranging  the  crew  of  an  eight-oared  boat  the  captain  has 
four  men  that  can  row  only  on  the  stroke-side  and  four  that  can  row  only  on 
the  bow-side.  In  how  many  different  ways  can  he  arrange  his  boat — 1st, 
when  the  stroke  is  not  fixed  ;  2nd,  when  the  stroke  is  fixed  I 

In  the  first  case,  the  captain  may  arrange  his  stroke-side  in  as  many  ways 
as  there  are  4 -permutations  of  4  things,  that  is,  in  41  ways,  and  he  may 
arrange  the  bow-side  in  just  as  many  ways.  Since  the  arrangements  of  the 
two  sides  are  independent,  he  has,  therefore,  4 !  x  4 !  (=576)  different  ways  of 
arranging  the  whole  crew. 

In  the  second  case,  since  stroke  is  fixed,  there  are  only.  3 !  ways  of  arrang- 
ing the  stroke-side.  Hence,  in  this  case,  there  are  8!x4!(  =  144)  different 
ways  of  arranging  the  crew. 

Example  2.  Find  the  number  of  permutations  that  can  be  made  with  the 
letters  of  the  word  transalpine. 

The  letters  are  traannalpiCj  there  being  two  sets,  each  containing 
two  like  letters.  The  number  required  is  therefore  (by  §  6)  11  !/2  12  !  = 
11 .  10 .  9 .  8 .  7 .  6 .  5 .  3 .  2= 9979200. 

Example  3.  In  how  many  different  ways  can  n  different  beads  be  formed 
into  a  bracelet  ? 

Since  merely  turning  the  bracelet  over  turns  a  clock-arrangement  of  the 
stones  into  the  correspondiog  counter-clock-arrangement,  it  follows,  by  §  4, 
that  the  number  required  is  (n  - 1) !  /  2. 


COMBINATIONa 

§  7.]  The  number  of  ways  in  which  s  things  can  be  selected  by 
taking  one  out  of  a  set  of  n„  one  out  of  a  set  of  n,,  dc,  is  n^n^ .  .  .  n^ 

The  first  thing  can  be  selected  in  n^  ways;  the  second  inn, 
ways;  and  so  on.  Hence,  since  the  selection  of  each  of  the 
things  does  not  depend  in  any  way  on  the  selection  of  the 
others,  the  number  of  ways  in  which  the  s  things  can  be  selected 
is  ni  X  n,  X  . .  .  X  n^ 

§  8.]  The  number  of  r-combinaticns  of  n  letters  (ffir)  is 

n(n-l)  .  .  .  (»-r+l)/1.2  .  .  .  r. 
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xxm  r-COMBINATIONS  7 

1^  froof, — We  may   enumerate   the   combinations  as  fol- 
lows : — 

Ist.  All  those  that  contain  the  letter  a^ ;    . 
2nd.  „  „  „         a»; 


ntL  „  «  M        ^ 

In  each  of  these  classes  there  is  the  same  number  of  com- 
binations ;  namely,  as  many  combinations  as  there  are  (^  -  1)- 
combinations  of  n  -  1  letters ;  for  we  obviously  form  all  the  r- 
combinations  in  which  a^  occurs  by  forming  all  possible  (r  -  1)- 
combinations  of  o^  o^  ...,  On  and  adding  a^  to  each  of  them. 

This  enumeration,  though  exhaustive,  is  not  simplex;  for 
each  r-combination  will  be  counted  once  for  every  letter  it 
contains,  that  is,  r  times.     Hence 

^nCr  =  %-iCr-i  (1). 

This  relation  holds  for  all  values  of  n  and  r,  so  long  as  r:^n. 
Hence  we  have  successively — 

P  -^      P 


n-1 

n-2 
r-2^ 


n-iCr-i— ^      1  n-f^r>» 


n-t'^r-i"  „      o  n-sW-si 


If  we  multiply  these  r  -  1  equations  together,  and  observe  that 
the  C's  cancel,  except  ^Cr  and  n-r+iCj,  and  that  the  value  of 
fi-r+iCi  is  obviously  w  -  r  +  1,  we  have 

p  _n(n-l)  .  .  .  (n-r+1)  .  . 

^^' 1.2...r ^^^- 

2n(i  Froof, — Since  every  r-combination  of  n  letters,  if  permu- 
tated  in  every  possible  way,  would  give  r !  r-permutations,  and 
all  the  r-permutations  of  the  n  letters  can  be  got  once  and  only 
once  by  dealing  in  this  way  with  all  the  r-combinations,  it  follows 
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8  PROPERTIES  OF  ^C,.  CHA?. 

that„C^!  =  nPr     Hence  nCr  =  «Pr/»- !  =  »(«-!).  •  .  (n-r+1)/ 
1.2  ...  r. 

Cor.  1.  If  we  multiply  both  numerator  and  denominator  of 
the  expression  for  ffir  by  (n  -  r){n  -  r  -  1)  .  .  .  2 . 1,  we  deduce 
nC,  =  n!/rl(n-r)!  (3). 

Cor.  2.  nCr  =  nCn-r. 

This  follows  at  once  from  (3).  It  may  also  be  proved  by 
enumeration;  for  it  is  obvious  that  for  every r-combination  of 
the  n  things  we  select  we  leave  behind  an  (ti  -  r)-combination ; 
there  are,  therefore,  just  as  many  of  the  latter  as  of  the  former. 

Cor.  3.  «C,  =  n-A  +  «-iCr.i  (4). 

This  can  be  proved  by  using  the  expressions  for  ^C^  n-fin 
n-iCr-o  and  this  is  important,  because  it  shows  that  the  pro- 
perty holds  for  functions  of  n  having  the  form  (2)  irrespective  of 
any  restriction  on  the  value  of  n. 

The  theorem  (when  n  is  a  positive  integer)  also  follows  at 
once  by  classifying  the  r-combinations  of  n  letters  a^,  o^  .  .  .,  a^ 
into,  1st,  those  that  contain  a^,  n-i^r-i  ^^  number,  and,  2nd, 
those  that  do  not  contain  a^,  fi.iCf.  in  number. 

Cor.  4.    n-iC,  +  n- A  +  «-.C,  +  .   .    .  +  A  =  ffii+x  (5). 

Since  the  order  of  letters  in  any  combination  is  indifferent,  we 
may  arrange  them  in  alphabetical  order,  and  enumerate  the 
(5+ l)-combinations  of  n  letters  by  counting,  1st,  those  in 
which  fli  stands  first;  2nd,  those  in  which  a,  stands  first,  &c. 
This  enumeration  is  clearly  both  exhaustive  and  simplex ;  and 
we  observe  that  a^  cannot  occur  in  any  of  the  combinations  of 
the  2nd  class,  neither  ai  nor  a.  in  any  of  the  3rd  class,  and  so  on. 
Hence  the  number  of  combinations  in  the  1st  class  is  n-iC«;  in 
the  2nd,  n-«C, ;  in  the  3rd,  n-sC, ;  and  so  on.  Thus  the  theorem 
follows. 

Cor.  5.  pC.  +  pC.., gC,  +  pC... ,C.  + .  .  .  +  ^C,  ,C..,  +  gC. 

=  p+qGt  (6). 

If  we  divide  p  +  q  letters  into  two  groups  otp  and  q  respect- 
ively, the  p+qCg  5-combinations  of  the  p  +  q  letters  may  be 
classified  exhaustively  and  simplexly  as  follows : — 
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xxni  YANDERMONDE'S  THEOBEM  9 

1  St.  All  the  ^-combinations  of  the  p  letters.  The  number 
of  these  is  pO«. 

2nd.  All  the  combinations  found  by  taking  every  one  of  the 
(5- l)-combination8  of  the^  things  with  every  one  of  the  1- 
combinations  of  the  q  things.     The  number  of  these  is 

drd.  All  the  combinations  found  by  taking  every  one  of  the 
(5  -  2)-oombinations  of  the  p  things  with  every  one  of  the  2- 
combinations  of  the  q  things.     The  number  of  these  is 

And  so  on.     Thus  the  theorem  follows. 

It  should  be  noticed  that  Cor.  4  and  Cor.  5  furnish  proposi- 
tions in  the  summation  of  series.  For  example,  we  may  write 
Cor.  6  thus — 

PJP'I)  .  .  .  (y-g+1) 
1.2  ...  s 


p(p-l). . 

.{p-s+2)     q 

'        1.2  . 
p(p-l)  . 

.{s-1)       -1 
•  •  (p-«+3)     siq-l) 

'         1.2. 

.  .  (s-2)        •      1.2 

p     q(q-l)  .  .  .  (g-s+2) 
1  •        1.2  ...  (s-1) 

■  g(g-i)>  »  ■  (q-s+i) 

1.2  ...  5 
^(p  +  g)(y  +  g-l)  ■  ■   .  {p  +  q-8+l)  ' 

1.2  ...  s  ^'^' 

It  is  obvious  that  (7)  is  an  algebraical  identity  which  could 
be  proved  by  actually  transforming  the  left-hand  side  into  the 
light  (see  chap,  v.,  §  16).  If  we  take  this  view,  it  is  clear  that 
the  only  restriction  upon  p,  q,  s  is  that  8  shall  be  a  positive  integer. 
Thus  generalised,  (7)  becomes  of  importance  in  the  establishment 
of  the  Binomial  Theorem  for  fractional  and  negative  indices. 

Cor.  6.  If  we  multiply  both  sides  of  (7)  by  1 .  2  ...  s, 
and  denote  p{p  -  1)  .  .  .  (|>  -  s  -h  1)  by  ^^  we  deduce 

which  is  often  called  Fandermonde^s  theorem^  although  the  result 
was  known  before  Yandermonde's  day. 
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10  p  LETTERS  ALIKE  CHIP. 

§  9.]  To  find  the  nwmber  of  r-combinations  of  p  +  q  UUers  p 
of  which  are  alike. 

1st.  With  the  q  unlike  letters  we  can  form  qCr  r-combina- 
tions. 

2nd.  Taking  one  of  the  p  letters,  and  r  ~  1  of  the  q,  we  can 
form  gCr-i  r-combinations. 

3rd.  Taking  two  of  the  p,  and  r  -  2  of  the  q,  we  can  form 
qCr^a  r-combtnations ;  and  so  on,  till  at  last  we  take  r  of  the 
p  (supposing  p>r),  and  form  one  r-combination. 

We  thus  find  for  the  number  required 

gCy+gCr-i  +gC,._,  +  .     .     ,  +  qGi  +  l 

J     1  1  1       1_) 

"^•lr!(2-r)!'^(r-l)!(g-r  +  l)!'^  '  '  '  '^  l\{q -  ly^ q\  i ' 

Cor.  The  number  of  rpermutations  of  p  +  q  things  p  of  which 
are  alike  is 

^  J  _J__  1  1 

^■*'"lr!(^-r)!"*'l!(r-l)!(^-r+l)!"*'2!(r-2)!(j-r  +  2)!'*' 

1  J_  ) 

•  •  •■*'(r-l)!l!(^-l)!'*"r!?!r 
For,  with  the  gC^  combinations  of  the  1st  class  above  we  can  form 
gCf.  r!  permutations ; 

With  the  gCr-i  combinations  of  the  2nd  class,  gCy.  j  r!  permu- 
tations'; 

With  the  gCr-B  combinations  of  the  3rd  class  (in  each  of 
which  two  letters  are  alike),  gC|.-8r!/2!  permutations:  and  so 
on. 

Hence  the  whole  number  of  permutations  is 

gar!+ga..r!/l!  +  ga.,r!/2!  +  .  .  . +gC,r!/(r- 1)!  +  1, 

whence  the  result  follows. 

A  similar  process  will  give  the  number  of  r-combinations, 
or  of  r-permutations,  when  we  have  more  than  one  group  of 
like  letters ;  but  the  general  formula  is  very  complicated. 

§  10.]  The  number  of  r-combinations  of  n  tetters  (»Hy),  when 
each  letter  may  he  repeaJted  any  number  of  tim^s  up  to  r,  is 

n(n+l)(7i  +  2)  .  .  .  (n  +  r-l)/1.2.3  .  .  .  r     (1). 
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In  the  first  place,  we  remark  that  the  number  of  (r+  l)-com- 
binations,  in  each  of  which  the  letter  a,  occurs  at  least  once,  is 
the  same  as  the  number  of  r-combinations  not  subject  to  this 
restriction.  This  is  obvious  if  we  reflect  that  every  (r+1)- 
combination  of  the  kind  described  leaves  an  r- combination  when 
Oi  is  removed,  and,  conversely,  every  r-combination  of  the  n 
letters  gives,  when  a^  is  added  to  it,  an  (r  +  1)- combination  of 
the  kind  described. 

It  follows,  then,  that  if  we  add  to  each  of  the  r-combina- 
tions  of  the  theorem  all  the  n  letters,  we  get  all  the  (n  +  r) -com- 
binations of  the  n  letters,  in  each  of  which  each  letter  appears  at 
least  once,  and  not  more  than  r  +  1  times.  We  may  therefore 
enumerate  the  latter  instead  of  the  former. 

This  new  problem  may  be  reduced  to  a  question  of  permutar 
tions  as  follows.  Instead  of  writing  down  all  the  repeated  letters, 
we  may  write  down  each  letter  once,  and  write  after  it  the  letter 
s  (initial  of  same)  as  often  as  the  letter  is  repeated.  Thus, 
we  write  asssbsscs  .  .  .  instead  of  aaaahhhcc  .  .  .  With  this 
notation  there  will  occur  in  each  of  the  (n  +  r)- combinations 
the  n  letters  fli,  a»,  .  .  .,  o^  along  with  r  s*s.  The  problem  now 
is  to  find  in  how  many  ways  we  can  arrange  these  n  +  r  letters. 
It  must  be  remembered  that  there  is  no  meaning  in  the  occur- 
rence of  5  at  the  beginning  of  the  series ;  hence,  since  the  order 
of  the  letters  Aj,  a,,  ...,»„  is  indifferent,  we  may  fix  a^  in  the 
first  place.  We  have  now  to  consider  the  different  arrange- 
ments of  the  n-\  letters  a,,  o^,  .  .  .,  a^  along  with  r  s's.  In  so 
doing  we  must  observe  that  nothing  depends  on  the  order  of 
a,,  0^,  .  .  .,  On  inter  $e ;  so  that  in  counting  the  permutations 
they  must  be  regarded  as  all  alike.  We  have,  therefore,  to  find 
the  number  of  permutations  of  n-l  +r  things,  w -  1  of  which 
are  alike,  and  r  of  which  are  alike.     Hence  we  have 

^(n  +  r-1)! 

_n{n+l)  .  .  .  (n  +  r-  1) 
1.2  ...  r 
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Cor.  1.  nHr  =  „+r.iCr. 

This  follows  at  once  from  (2). 

Cor.  2.  „H^  =  n-|H^  +  nHr-,. 

For  the  r-combinations  consist,  1st,  of  those  in  which  a^  occurs 
at  least  once,  the  number  of  which  we  have  seen  to  be  tJir-i ; 
2nd,  of  those  in  which  a^  does  not  occur  at  all,  the  number  of 
which  is  n-iHr. 

Cor.  3.    nHr  =  n-iH,  +  n-iH,..,  +  n.iH^-,+  •    •    •  +„-xH,+  l. 

This  follows  from  the  consideration  that  we  may  classify  the 
r-combinations  into 

1st  Those  in  which  a^  does  not  occur  at  all,  n-i^r  in 
number ; 

2nd.  Those  in  which  a,  occurs  once,  n«,Hy_i  in  number; 

3rd.  Those  in  which  a,  occurs  twice,  n-i^r-a  in  number : 
and  so  on. 

Cor.  4.  The  number  of  dUffertmX  r-ary  products  that  can  he  made 
with  n  different  letters  is  n(n+l)  .  .  .  (n  +  r-l)/1.2  .  .  .  ry 
and  the  number  of  terms  in  a  complete  integral  function  of  the  rth 
degree  in  n  variaUes  is  (n  +  1)  (n  +  2)  .  .  .  («  +  r)/l .  2  .  .  .  r. 

The  first  part  of  the  corollary  is  of  course  obvious.  The 
second  follows  from  the  consideration  that  the  complete  in- 
tegral function  is  the  sum  of  all  possible  terms  of  the  degrees 
0,  1,  2,  .  .  .,  r  respectively.     Hence  the  number  of  its  terms  is 

1  +  „Hi  +  „H,  + .  .  .  +  „Hy. 

But,  by  Cor.  3,  this  sum  is  n+iH^. 

We  have  thus  obtained  a  general  solution  of  the  problems  suggested  in 
chap,  iv.,  §§  17,  19.  As  a  verification,  if  we  put  n=2,  we  have  for  the 
number  of  terms  in  the  general  integral  function  of  the  rth  degree  in  two 
variables  3.4  ..  .  (r+2)/1.2  .  .  .  r,  which  reduces  to  (r  +  l)(r  +  2)/2,  in 
agreement  with  our  former  result. 

EZEBCISBS  I. 
Combinations  and  PermiUaiums. 

(1.)  How  many  different  numbers  can  be  made  with  the  digits 
11122383450 1 

(2.)  How  many  different  permutations  can  be  made  of  the  letters  of  the 
sentence  Ut  Unsio  sic  vis  f 
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(3.)  How  many  different  nambers  of  4  digits  can  be  formed  with  0123456  f 

(4.)  How  many  odd  numbers  can  be  formed  with  the  digits  8694  ? 

(6.)  If  »,C^i/ji,^,Ch= 182/85,  find^ 

(6.)  If  m=i.Csi  show  that  mCa=3,H-iC!4- 

(7.)  In  any  set  of  n  letters,  if  the  number  of  r-permutations  which  con- 
tain a  be  equal  to  the  number  of  those  that  do  not  contain  a,  prove  that  the 
same  holds  of  r-combinations. 

(8.)  In  how  many  ways  can  the  major  pieces  of  a  set  of  chess-men  be 
arranged  In  a  line  on  the  board  ? 

If  the  pawns  be  included,  in  how  many  ways  can  the  pieces  be  arranged 
in  two  lines  ? 

(9.)  Out  of  18  men,  in  how  many  ways  may  a  guard  of  6  be  formed  in  line, 
the  order  of  the  men  to  be  attended  to  ? 

(10.)  In  how  many  ways  can  12  men  be  selected  out  of  17 — 1st,  if  there  be 
no  restriction  on  the  choice ;  2nd,  if  2  particular  men  be  always  included ; 
3rd,  if  2  particular  men  never  be  chosen  together  ? 

(11.)  In  how  many  ways  can  a  bracelet  be  made  by  stringing  together  5 
like  pearls,  6  like  rubies,  and  7  like  diamonds  ? 

How  many  different  settings  of  8  stones  for  a  ring  could  be  selected 
from  the  above  ? 

What  modification  of  the  solution  of  the  first  part  of  the  above  problem 
is  necessary  when  two,  or  all  three,  of  the  given  numbers  are  even  ? 

(12.)  In  how  many  ways  can  an  eight-oared  boat  be  manned  out  of  81 
men,  10  of  whom  can  row  on  the  stroke  side  only,  12  on  the  bow  side  only, 
and  the  rest  on  either  side  ? 

(13.)  In  a  regiment  there  are  10  captains,  20  lieutenants,  80  sergeants, 
and  60  corporals.  In  how  many  ways  can  a  party  be  selected,  consisting  of 
2  captains,  5  lieutenants,  10  sergeants,  and  20  corporals  ? 

(14.)  Three  persons  have  4  coats,  5  vests,  and  6  hats  between  them;  in 
how  many  different  ways  can  they  dress  ? 

(15.)  A  man  has  12  relations,  7  ladies  and  5  gentlemen  ;  his  wife  has  12 
relations,  5  ladies  and  7  gentlemen.  In  how  many  ways  can  they  invite  a 
dinner  party  of  6  ladies  and  6  gentlemen  so  that  there  may  be  6  of  the  man's 
relations  and  6  of  the  wife's  ? 

(16.)  In  how  many  ways  can  7  ladies  and  7  gentlemen  be  seated  at  a 
round  table  so  that  no  2  ladies  sit  together  f 

(17.)  At  a  dinner-table  the  host  and  hostess  sit  opposite  each  other.  In 
how  many  ways  can  2n  guests  be  arranged  so  that  2  particular  guests  do 
not  sit  together  ? 

(18. )  In  how  many  ways  can  a  team  of  6  horses  be  selected  out  of  a  stud 
of  16,  so  that  there  shall  always  be  3  out  of  the  6  ABCA'B'C,  but  never  AA', 
BB',  or  CC  together? 

(19.)  With  9  consonants  and  7  vowels,  how  many  words  can  be  made,  each 
containing  4  consonants  and  8  vowels — 1st,  when  there  is  no  restriction  on  the 
arrangement  of  the  letters ;  2nd,  when  two  consonants  are  never  allowed  to 
come  together  ? 

(20.)  In  how  many  ways  can  52  cards,  all  different,  be  dealt  into  4  equal 
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hands,  the  order  of  tb«  hands,  but  not  of  the  cards  in  the  hands,  to  be 
attended  to  I 

In  how  many  cases  will  18  particular  cards  fall  in  one  hand  ? 

(21.)  In  how  many  ways  can  a  set  of  12  black  and  12  white  draught-men 
be  placed  on  the  black  squares  of  a  draught-board  f 

(22. )  In  how  many  ways  can  a  set  of  chess-men  be  placed  on  a  chess-board  I 

(23.)  How  many  3-combinations  and  how  many  8-permutations  can  be 
made  with  the  letters  ofpardbola  ? 

(24.)  With  an  unlimited  number  of  red,  white,  blue,  and  black  balls  at 
disposal,  in  how  many  ways  can  a  bagful  of  10  be  selected  ? 

In  how  many  of  these  selections  will  all  the  colours  be  represented  ? 

(25.)  In  an  election  under  the  cumulative  system  there  were^  candidates 
for  q  seats ;  (1)  in  how  many  ways  can  an  elector  give  his  votes ;  (2)  if  there 
be  r  voters,  how  many  different  states  of  the  poll  are  there  ? 

If  there  be  15  candidates  and  10  seats,  and  a  voter  give  one  minute  to  the 
consideration  of  each  way  of  giving  his  vote,  how  long  would  it  take  him  to 
make  up  his  mind  how  to  vote  I 


BINOMIAL  AND  MULTINOMIAL  THEOREMS. 
§  11.]  It  has  already  been  shown,  in  chap,  iy.,  §  11,  that 

where  fjDit  «C,,  .  .  .,  ffir  •  •  •  denote  the  numbers  of  1-,  2-, 
.  .  .,  r- combinations  of  n  things.  Using  the  expressions  just 
foimd  for  nC,,  nC«i  &c-j  we  now  have 

n(n-l)  .  .  .  (w-r+ 1)  ^  ^,,  -^  .,. 

This  is  the  Binomial  Theorem  as  Newton  discovered  it,  proved, 
of  course,  as  yet  for  positive  integral  indices  only. 

§  12.]  We  may  establish  the  Binomial  Theorem  by  a  some- 
what different  process  of  reasoning,  which  has  the  advantage  of 
being  applicable  to  the  expansion  of  an  integral  power  of  any 
multinomial 
•  Consider 

{a,  +  a,  +  .  .  .  +  aj«  (2). 

We  have  to  distribute  the  product  of  n  factors,  namely, 

(a,  +  Og  + . . .  +  a„i)(ai  +  Og  + . . .  +  On,) . . .  (aj  +  Og  + . . .  +  O    (3) ; 
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and  the  problem  is  to  find  the  coefficient  of  any  given  term,  say 

a,*ia.««  .  .  .  a^^  (4), 

where  of  course  ai  +  a,  .  .  .  +  a„»  =  Ww  In  other  words,  we  hare 
to  find  how  often  the  partial  product  (4)  occurs  in  the  distribu- 
tion of  (3). 

We  may  write  out  (4)  in  a  variety  of  ways,  such  as 

^  a^a^a^i^^a^asA  •  •  .  (5), 

there  being  always  a^  a\  a,  o^'s,  &c. 

Written  as  in  (6)  we  may  regard  the  partial  product  as 
formed  by  taking  a^  from  the  1st  and  2nd  brackets  in  (3);  a. 
from  the  3rd,  4th,  and  5th;  a,  from  the  6th;  and  so  on.  It 
appears,  therefore,  that  the  partial  product  (4)  will  occur  just  as 
often  as  we  can  make  different  permutations  of  the  n  letters,  such 
as  (5).  Now,  since  a^  of  the  letters  are  all  alike,  o^  all  alike,  &c., 
the  number  of  different  permutations  is,  by  §  6,  nl/aja,! .  .  .  o^!. 
Hence  we  have 

a,!a,!  .  .  .  a^\ 

wherein  a^,  a,,  .  .  .  o^  assume  all  positive  integral  values  con- 
sistent with  the  relation 

ai  +  a,  +  ..,  +  at|  =  n  (7). 

This  is  the  MulUmmial  Theorem  for  a  positive  integral  index 

The  Binomial  Theorem  is  merely  the  particular  case  where 
in  =  2.     We  then  have,  since  aj  +  a,  =  n,  and  therefore  a,  =  n  -  aj, 

which  agrees  with  (1). 

Cor.  To  find  the  coefficient  of  of  in  the  exipansum  of 

{b,  +  b^+  .  .  .  +5«^-i)«  (8) 

we  have  simply  to  pick  out  all  the  terms  which  contain  af  .  The 
general  term  is 

a,!a,!  .   .   .  a,»! 
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CHAP. 


Hence  we  have  to  take  all  the  terms  which  are  such  that 

a,+  2o,+  .  .  .  +(m-l)a^  =  r  (9). 

The  coefficient  of  of  in  the  expansion  of  (8)  is  therefore 

n! 


-A'^'K^  .  .  .  6^«- 


(10), 


ai!a,!   .   .   .    a^! 

.where  a,,  a,,  .  .  .,  a^  have  all  positive  integral  values  subject 
to  the  restrictions  (7)  and  (9). 

Example  1.  The  coelficient  of  a'6>  in  the  expansion  of{a+h+c+dfii 

-^i— =10 
3!2!0!0I     * 

Example  2.  To  find  the  coefficient  of  a^  in  (1  +  2a;+iB')*. 
Here  we  must  have  ai  +  oa  +  aj = 4, 

a3+2as=5. 
Hence  ai=at~l,     as=5-2a9. 

Since  ai  and  as  must  both  be  positive,  the  only  two  admissible  values  of  Of 
are  1  and  2.    We  have  therefore  the  following  table  of  values : — 


ai 
0 

1 

as                as 

3 
1 

1 
2 

The  required  coefficient  is  therefore 

The  correctness  of  the  result  may  be  easily  verified  in  the  present  case  for 
(1  +  2a; +ar')* =(!+«)",  the  coefficient  of  «*  in  which  is  808=56. 

Example  8.  To  find  the  greatest  coefficient,  or  coefficients,  in  the  expansion 
of(ai  +  aa  +  .  .  .  +a«)". 

This  amounts  to  determining  a;,  y,  z,  ,  ,  .  so  that  nl/a;!^!^!  .  .  .  shall 
be  a  maximum,  where  x-\-y+z-\-  .  .  .  =n.  This,  again,  amounts  to  deter- 
mining X,  y,  z,  ,  .  ,  so  that 

u=x\y\zl  ...  (1) 

shall  be  a  minimum,  subject  to  the  condition 

x-\-y  +  z+  .  ,  .  =n  (2). 

Let  us  first  consider  the  case  where  there  are  only  two  variables,  x  and  y. 
We  obtain  all  possible  values  of  a;!^!  by  giving  y  successively  the  values 
0,  1,  2,  .  .  .,  »,  x  taking  in  consequence  the  values  »,  ti-I,  n-2,  .  .  .,0. 
The  consecutive  value  to  a;!yl  is  (a:-l)!(y+l)!,  and  the  ratio  of  the  latter 
to  the  former  is  (y  +  l)/x;  that  is  (since  x  +  y=n),  (n  +  l-a5)/ar,  that  is, 
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(i»+  l)/x- 1.  This  ratio  is  less  than  unity  so  long  as  (»+ l)/x<  2,  that  is,  so 
long  as  x>(n+l)/2.  Until  x  falls  below  this  value  the  terms  in  the  series 
above  mentioned  will  decrease ;  and  after  x  falls  below  this  limit  they  will 
b^gin  to  increase. 

Ifnbeodd,  =2t+l  say,  then  (n+l)/2=*+l.  Hence,  ifwemakea;=ifc+l, 
the  ratio  (»+!)/»- 1  =  1,  and  two  consecutive  values  of  xlyl,  viz.  (k+l)\kl 
and  kl{k+l)\t  are  equal  and  less  than  any  of  the  others. 

If  »  be  even,  =  2k  say,  then  (n + 1)/2 = * + J.  Hence,  if  we  make  «= ifc,  we 
obtain  a  single  term  of  the  series,  viz.  klkl,  whicli  is  less  than  any  of  the 
others. 

"  Returning  now  to  the  general  case,  we  see  that,  if  i«  be  a  minimum  for  all 
values  otx,  y,  z,  ,  .  .  subject  to  the  restriction  (2),  it  will  also  be  a  minimum 
for  values  such  that  x  and  y  alone  are  variable,  z,  ,  ,  ,  being  all  constant. 
In  other  words,  the  values  of  x  and  y  for  which  xlylzl  .  .  .  is  a  minimum 
must  be  such  as  render  xlyl  &  minimum.  Hence,  by  what  has  just  been 
proved,  x  and  y  must  either  be  equal  or  differ  only  by  unity.  The  like  follows 
for  every  pair  of  the  variables  x,  y,  z,  .  .  .  Let  us  therefore  suppose  that  p  of 
these  are  each  equal  to  ( ;  then  the  remaining  m-p  must  each.be  equal  to 
(+1.  Further,  let  q  be  the  quotient  and  r  the  remainder  when  n  is  divided 
by  in ;  so  that  n=mq+r.    We  thus  have 

^+(m-|?)($+l)=wi^+r. 
Hence  m^+{m-'p)=inq+r; 

so  that  ^+{m''p)lm=q+rlm. 

How  {m-p)lm  and  r/m  are  proper  fractions ;  hence  we  must  have 

^=q,    m-p=r. 
It  follows,  therefore,  that  r  of  the  variables  are  each  equal  toq+l,  and  the 
rest  are  each  equal  to  q.    The  maximum  coefficient  is  therefore 

n\l(q\)-^{(q  +  l)\]r; 
that  is,  n\l{q\y^[q+iy  (8). 

This  coefficient  is,  of  course,  common  to  all  terms  of  the  type  ai^os'  .  .  . 

As  a  special  case,  consider  (ai+oj+os)*.  Here  4=8x1  +  1 ;  g=l,  r=l. 
Hence  the  terms  that  have  the  greatest  coefficient  are  those  of  the  type  aiOaOs', 
and  the  coefficient  in  question  is  4  !/(l  !)'2^=12.  This  is  right ;  for  we  find 
by  distributing  that 

(ai + oj + aj)*= 2ai* + 4Sai»a2 + 62aiW + 12Sai*aaflj. 
Example  4.  Show  that 

n  1+x  .n(n~l)    l  +  2a;      n<n-l)(n-2)    l  +  8a;  __q 

^"ll+Tw"^    i.2    (TniS?  1.2.3       (1+naj)*"^  •  •  •     "'' 

(WoUtenholnu,) 
The  left-hand  side  may  be  written 

n     1        n(w-l)       1  n(w-l)(w-2)       1 

ll+na?"*"    1.2    (T+na?"       1.2.8        (l+naj)*"**  '  *  * 
n     X       n(n--l)      2a?        7i(n-l)(n~2)      8a; 
"ll+wc"*"    1.2    (l+ruc)""       1.2.3        {1+nxf^ '  " 

VOL,  n  c 
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ll+TWj"*"    1.2     (l+«aj)»"       1.2.3        (XTw^ 
_n«_f       (n-1)       1  (7i>l)(n-2)        1  \ 

1+najl^"     1      {1+nxy         1.2         (1 +««)>"  •'  'J' 


«-i 


=  -fl— i-l"-- ^ll— i-l 
I       l+«ajj       l+najl       1+najJ 

{_!?£« l*       nx     f    nx    1*"^ 
l  +  nojj    "l+?wjll+najj       ' 
{TUB    j^*»     f    ?ia;    \  ** 

=  0. 
§  13.]  The  Binomial  Theorem  can  be  used  in  its  turn  to 
establish  identities  in  the  theory  of  combinations;  as  the  two 
following  examples  will  show : — 
Example  1.  We  have 
l=(T+i-xY 

On  the  right-hand  side  of  thia  identity  the  coefficient  of  every  power  of  x 
must  vanish.    Hence,  s  being  any  positive  integer  less  than  r,  we  have 

^,Xl-^lC^lX,Ci  +  r-aC^sXrC8-...  +  (-)^lr-M-lClXrC^l  +  (-)-rC.=0. 

Example  2.  To  find  the  sum  of  the  squares  of  the  binomial  coefficients. 
We  have  (1 +«)*»= (1  +«)»  x  (a?+ 1)* 

=  {l+nCix+nC^-\- .  .  .  +«C.^) 

x(af +nCia?^i+„Caa:»-»+  .  .  .  +„0,). 

If  we  imagine  the  product  on  the  right  to  be  distributed,  we  see  that  the 
coefficient  of  sB^  is  l*+nCx'+nCa'+  .  .  .  +iiCn*;  the  coefficient  of  jb*  on  the 
left  is  anCn.    Hence 

l»+nCi«+nQi»+  .  .  .  +nCn*=anC„=27i!/n!n!. 
Since 

2»!=2n(2»-l)(2n-2)  .  .  .  4.  8.  2.  l=2«.l .  2  .  .  .  nxl.8  .  .  .  (2»-l), 
we  have      l*+nCi«+nC2'+  .  .  .  +nCn'=2«.  1 .  8  .  .  .  (2»-l)/n!. 

A  great  variety  of  results  can  be  obtained  by  the  above  process  of  equating 
coefficients  in  identities  derived  from  the  binomial  theorem ;  some  specimens 
are  given  among  the  exercises  below. 

EXSRCISES  II. 

(1.)  Find  the  third  term  in  the  expansion  of  (2  +  8aj)**. 
(2. )  Find  the  coefficient  of  »*  in  the  expansion  of  (1  +  « + a*)  (1  -  a)". 
(3.)  Find  the  term  which  is  independent  of  a  in  the  expansion  of 
{x+l/x)^. 
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ZZ1II  EXEBCISES  n  19 

(4.)  Find  the  coefficient  of  aj^  in  the  expansion  of  (sb -  !/«)*•. 
(6.)  Find  the  ratio  of  the  coefficients  of  a^  in  (1  +  a;)*»  and  (1  +xf^. 
(6. )  Find  the  middle  term  in  the  expansion  of  (2  +  ^x)^, 
(7.)  The  prodnct  of  the  coefficients  in  (l+a;)"+^:  the  product  of  the  co- 
efficients in  (1  +a:)"=  (»+ 1)»» : «! . 

(8.)  The  coefficient  of  as'  in  {(r-  2)a?+naj-r}(a;+l)"  is  n^Cr-j. 
(9.)  If  I  denote  the  integral  part  and  F  the  proper  fractional  part  of 
(3  +  V^)",  and  if  p  denote  the  rational  part  and  <r  the  irrational  part  of  the 
same,  ahow  that 

I=2{8"+nCa8— «.6+»C43»-*.5«+.  .  .}-l, 
F=l-(8-V5)", 
P=J(I  +  1). 
<r=i(I  +  2F-l). 

(10.)  If  (V2+1)*^'*=I  +  F,  where  F  is  a  positive  proper  fraction  and  I 
is  integral,  show  that  F(I  +  F) = 1. 

(11.)  Find  the  integral  parts  of  (2 V3  +  8)**,  and  of  (2V8+3)««+i. 

(12.)  Show  that  the  greatest  term  in  the  expansion  of  (a+a;)**  is  the 
(r+l)th,  where  r  is  the  integral  part  of  (n+l)/(a/aj+l). 

Exemplify  with  (2  +  3)i»  and  with  (2+i)». 

(13.)  Find  the  condition  that  the  greatest  term  in  {a+xy*  shall  have  the 
greatest  coefficient  Find  the  limits  for  x  in  order  that  this  may  be  so  in 
(l+x)«». 

(14.)  If  the  ^h  term  be  the  greatest  in  {a+xy^,  and  the  gth  the  greatest 
in  (a+a?)*,  then  either  the  {p  +  q)th.  or  the  (p+q -l)th,  is  the  greatest  in 
(a+aj)*^. 

(15.)  Sum  the  series 

(16.)  Snm  the  series 

l  +  2«Ci+8«Ca+4nC;,+.  .  . 

(17.)  If  jBr  denote  the  coefficient  of  af  in  (1  +as)",  prove  the  following  rela- 
tions : — 

l\  Pi-^Pi+^Ps'-  .  .+n(-l)"-ij?n=0. 

2-.  te-ji^    +--+^iTr  ^=^- 

3.  1  +  2  +  8       ^'  •  '^n+l  -   n+1 

(18.)  Ifi^r  have  the  same  meaning  as  in  last  question,  show  that 

i^-te+ii^-.  .  •-*--^-P»=^  +  2+3-*""  •  --^n 
(19.)  Show  that 

^,xl+r^lC,-lX,,Ci  +  r-sC,-sX,.C2  +  .    .    .+r-M-lClXrC.-l  +  lX,X).=,C,2«. 

(20.)  Show  that 

(1-«C2  +  „C4-.   .    .)"+(,,Ci-„(3s+.   .    .)»=l+nCi+nCJj  +  .    .    . 
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20  EXERCISES  n  CHAP. 

(21.)  Show  that 

lx„C8  +  nCiX„C8  +  .    .    .+»Cn-«XnC«  =  (2»)l/(»  +  2)!(»-2)!. 

(220  Show  thatl-n>4-(^y-("<"-^»"-^y^    .  .=Oifnbe 
odd,  and  =(-l)*»^(»+2)(n+4)  .  .  .  2n/2.4  .  .  .  nif  »beeven. 
(28.)  Show  that 

l.n(«+l)+yj(n-l)n+-^2r"V-2)(n-l)  +  -^^ ^^"^ -'{n-8)(«-2) 

+.  .  .=2(2n  +  l)!/(n+2)!(n-l)!. 
(24. )  If  Ur  stand  for  of + 1/af ,  show  that 

tM-l  +  H-lClWr-l  +  r+lC2Wr-«  +  .    •    •  =Wl(t^  +  rCi«r-a  + A«r-4  +  .    .    .  )• 

(25.)  If  ttr  denote  the  coefficient  of  xp  in  (l+ae)'*"-''^!-^)*-,  show  that 
Oo  -  nCi  ai + «Cs  02  -  •  >  .=  0  for  all  values  of  ^  except  p=n,  in  which  case  the 
right-hand  side  of  the  equation  is  4**. 

(26.)  Show  that 


1_J!5l+J!^_.  .    ;(-irnCi»^ 


n\ 


X    x  +  1    x+2    '  '  '        x  +  n        a;(a;  +  l)  .  .  .  {x+n) 

(27.)  Find  the  coefficient  of  af  in  (1+aj+a^ +  .  .  .  )'. 

(28.)  Find  the  coefficient  of  «»  in  (l+a5»+aj«+aj9)<. 

(29.)  Find  the  coefficient  of  a?»  in  (l+aj+ 2a:" +  3aj»+.  .  . )«. 

(30.)  If  oof  oi,  .  .  .,  osn  be  the  coefficients  of  the  powers  of  x  in 
(l  +  2a;  +  2a^)",  show  that  ooOsn - ai«jn-i  + .  .  .+aa«ao  =  0  if  n  be  odd, 
=  2"n!/{(iw)!}>  if  n  be  even. 

(31.)  If  Or  be  the  coefficient  of  a^  in  (H-a;  +  aj*+.  .  .  +  a:*)",  show  that 
Or -»Ci 0,^1 +nCaar-i-.  .  •  =0,  unless  7i  be  a  multiple  of  j?  +  l.  What  does 
the  equation  become  in  the  latter  case  ? 

(32.)  Find  the  coefficient  oItP^  in  (H-2a:+8z'  +  4aj»)>». 

(33. )  Write  out  the  expansion  of  (a + ft  +  c + df, 

(34.)  Show  that 

1«'2*  .  .  .  n*^l    (7i{n-¥\)Y 
r\s\  .  ,  ,  k\    p\\       2      j    ' 

where  r,  «,  .  .  .,  &  have  all  values  between  0  and  p,  both  inclusive,  subject 
to  the  restriction  r  +  «  +  .  .  .  +A;=j?. 

(35. )  If  nHr  have  the  meaning  of  §  lO^above,  prove  that 

r.    «+nHr=mHr  +  «Hr-lX„Hi  +  niHr-2XnH,  +  .    .    .+«HiXnH,wi. 
r.    l-nCiXnHi  +  nCjX„H,-„C3XnH8  +  .    .    . +(  -  l)\CnnHn  =  0.     . 

(36.)  Ifav=a:(a;+1)  .  .  .  (a;+r-l),  show  that 

(aj+y)r=aj,+rCiav-iyi  +  rC8a:,w2y8+.  .  .+y,^   / 
(37.)  Find  the  largest  coefficient  in  the  expansion  of  (a+5+e+(2+«)^. 
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EXAMPLES  OF  THE  APPLICATION   OF  THE  LAW  OF 
DISTRIBUTION. 

§  14.]  If  we  have  r  sets,  consisting  of  n„  n„  .  .  .,  n^  different 
leUers  respectively ,  the  whole  number  of  different  ways  of  making  comr 
binaiions  by  taking  1,  2,  3,  .  .  .  up  to  r  of  the  letters  at  a  time,  but 
never  more  than  one  from  each  set,  is 

(n,  +  l)(n,+  l)  .  .  .  K+l)-l. 

Consider  the  product 

(1  +  ttj  +  6i  +  .  .  .  Wj  letters) 
X  (1  +  a,  +  Jg  +  .  .  .  w,  letters) 

X  (1  +  Or  +  ^r  +  •  •  •  n^  letters). 

la  the  distributed  product  there  will  occur  every  possible  com- 
bination of  the  letters  taken  1,  2,  3,  .  .  .,  r  at  a  time,  with  the 
tenn  1  in  addition.  If  we  replace  each  letter  by  unity,  each 
term  in  the  distributed  product  will  become  unity,  and  the  sum 
of  these  terms  will  exceed  the  whole  number  of  combinations  by 
unity.     Hence  the  number  required  is 

(l+»i)(l+».)  •  •  •  (l+Wi-)-l 

=  2n,  +  2ni»a  + .  .  .  +  n^n^  .  .  .  »v 

This  result  might  have  been  obtained  by  repeated  use  of  §  7. 

§  15.]  If  toe  have  r  sets  of  counters,  marked  vjith  the  following 
numbers — 

fill,  Px,    '  .  .,  fi, 


Ory  Pry    •    •    •>    '^rj 


ihe  number  of  counters  not  being  necessarily  the  samsfor  each  set,  and 
the  inscribed  numbers  not  necessarily  ail  different,  then  the  number  of 
different  ways  in  which  r  counters  can  be  drawn,  one  from  each  set,  so  . 
that  the  sum  of  tlie  inscribed  numbers  shatt  be  n,  is  the  coefficient  of  tS^ 
in  the  distribution  of  the  product 
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X  («««  +  a^a  +  .   .    .  +  iB««) 


This  theorem  is  an  obvious  result  of  the  principles  laid  down 
in  chap.  iv. 

Cor.  1.  If  in  the  first  set  there  he  a^  cowrders  marked  imth  the 
number  a^,  bi  marked  with  p^y  &c,,  in  the  second  a,  marked  with  a^, 
ft,  ma/rked  wOh  fB^  d:c,,  the  number  of  ways  in  which  r  counters  can 
be  drawn  so  that  the  sum  of  the  numbers  on  them  is  n,  is  the  coefficient 
of  tS^  in  the  distribution  of 

(aiaj*i  +  6,ajft+  .  .  .  +k^x^^) 
X  (a,iB*»  +  ft.ajft  +  .  .  .  +A;,a/^«) 


X  {a^  +  bfofi^  +  .  .  .  +  k^*). 

Cor.  2.  In  a  box  there  are  a  counters  marked  a,  b  marked  /3,  dc 
A  counter  is  draum  r  timeSy  and  each  time  replaced.  The  number  of 
ways  in  which  the  sum  of  the  drawings  cam,  amount  to  n  is  the  co- 
effidemt  of  tS^  in  the  distribution  of 

{aaf'  +bsifi  +  .  .  .y. 

DISTRIBUTIONS  AND  DERANGEMENTS. 

§  16.]  The  variety  of  problems  that  arise  in  connection  with 
the  subject  of  the  present  chapter  is  endless,  and  it  would  be 
difficult  within  the  limits  of  a  text- book  to  indicate  all  the 
methods  that  have  been  used  in  solving  such  of  these  problems 
as  mathematicians  have  already  discussed.  The  following  have 
been  selected  aa  types  of  problems  which  are  not,  very  readily 
at  least,  reducible  to  the  elementary  cases  above  discussed.* 

§  17.]  To  find  the  number  of  ways  in  which  n  different  letters  can 
be  distributed  among  r  pigeon-holeSy  attention  being  paid  to  the  order 
of  the  pigeon-holes,  but  not  to  the  order  of  the  letters  in  any  one 
pigeon-hole,  and  no  hole  to  contain  less  than  one  letter. 

Let  D^  denote  the  number  in  question* 

*  For  farther  information  see  Whitworth's  Choice  and  Chance. 
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If  we  leave  s  specified  holes  vacant  and  distribute  the  letters 
among  the  remaining  r-s  holes  under  the  conditions  of  the 
question,  we  should  thus  get  D^.,  distributions.  Hence,  if  ^C, 
have  its  usual  meaning,  the  number  of  distributions  when  s  of 
the  holes  are  blank  is  ,.G«  D^.^ 

Again,  the  whole  number  of  distributions  when  none,  one, 
two,  &a,  of  the  holes  may  be  blank  is  evidently  r^,  for  we  can 
distribute  the  n  letters  separately  among  the  r  holes  in  7^  ways. 

Hence 

D,  +  ,CiD,.,  +  ADr-.+  .    .    .  +rCr-iA=7«       (A). 

The  equation  (A)  contains  the  solution  of  our  problem,  for,  by 
putting  r  =  2,  r  =  3,  &c,  successively,  we  could  calculate  D,,  D,, 
&a,  and  D|  is  known,  being  simply  1. 

We  can,  however,  deduce  an  expression  for  D^  in  terms  of  n 
and  r,  as  follows.     Writing  r  -  1  in  place  of  r  we  have 

D,.,  +  ,..,0,  D,._.  +  .  .  .  + ,.. A-.  D»  =  (r  -  1)«      (B). 

Prom  (A)  and  (B),  by  subtraction,  remembering  (§  8,  Cor.  3) 
that 

we  derive 

Dr  +  r-iC,  Br.i  +  r-A  D,..,  +  .   .   .  +  r-fir-i  Di 

=  ,*-(r-l)n  (1). 

From  (1),  putting  r  -  1  in  place  of  r,  we  derive 

Dr-i  +  r- A  Dr-«  +   •   •   •   +r-«C,..,D| 

=  (r-l)»-(r-2)«  (r). 

From  (1)  and  (T),  by  subtraction,  we  derive 

=  r*-2(r-l)«  +  (r-2)«  (2). 

Treating  now  (2)  exactly  as  we  treated  (1)  we  derive 

=  ,*  -  3(r  -  l)n  +  3(r  -  2)*»  -  (r  -  3)»  (3). 

The  law  of  formation  of  the  right-hand  side  is  obvious,  the 
coefficients  being  formed  by  the  addition  rule  peculiar  to  the 
binomial  coefficients  (see  chap,  iv.,  §  14).  We  shaU  therefore 
finally  obtain 


Digitized  by 


Google 


24  DERANGEMENTS  chap. 

Dr  =  .*-,C.(r-l)«  +  ,C.(r-2)»-  .  .  .  (-y-Va_.l», 
= ,.»  -  ^(r  -  1)«  t  '-^{r  -  2)»  -  .  .  .  (  -  )-iJl«      (4). 

Cor.  If  the  order  of  the  pigeon-holes  he  indifferenty  the  number 
of  disiribiUions  is  D^/  r\.  In  other  ivords,  the  number  of  partitions  of 
n  different  letters  into  r  lots,  no  vacant  lots  being  allowed,  is  Dr/r  1 . 

We  shall  discuss  the  closely -allied  problem  to  find  the 
number  of  r- partitions  of  n — ^that  is,  to  find  the  number  of 
ways  in  which  n  letters,  all  alike,  may  be  distributed  among 
r  pigeon-holes,  the  order  of  the  holes  being  indifferent,  and  no 
hole  to  be  empty — ^when  we  take  up  the  Theory  of  the  Partition 
of  Numbers. 

§  18.]  Oiven  a  series  of  n  Utters,  to  find  in  how  many  ways  the 
order  may  he  deranged  so  thai  no  one  out  of  r  assigned  letters  shall 
occupy  its  original  position. 

Let  ^Ar  denote  the  number  in  question. 

The  number  of  different  derangements  in  which  the  r  assigned 
letters  do  all  occupy  their  original  places  is  (n-r)!.  Hence  the 
number  of  derangements  in  which  the  r  assigned  letters  do  not 
all  occupy  their  original  places  is  n\-{n-r)\.  Now,  this  last 
number  is  made  up  of — 

1st.  The  number  of  derangements  in  which  no  one  of  the  r 
letters  occupies  its  original  place ;  that  is,  n^- 

2nd.  The  number  of  derangements  in  which  any  one  of  the  r 
.  letters  occupies  its  original  place,  and  no  one  of  the  remaining 
r  -  1  does  so ;  that  is,  ^0^  n-i^-i. 

3rd.  The  number  of  derangements  in  which  any  two  of  the  r 
letters  occupy  their  original  places,  and  no  one  of  the  remaining 
r  -  2  does  so ;  that  is,  fi^  n-A-^t*     And  so  on. 

Hence 

+  rCr-in-r+A  (A). 

If  we  write  in  this  equation  n-l  for  n,  and  r  -  1  for  r,  and 
subtract  the  new  equation  thus  derived  from  (A),  we  deduce 

7l!-(7l-l)!  =  n^  +  r-iCin-A-i  +  r-An-A-«  +  .    •   • 

+  r-iCr-in-r+A  (1). 
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We  can  now  treat  this  equation  exactly  as  we  treated  equa- 
tion (1)  of  §  16.     We  thus  deduce 

„A,  =  n!-5(n-l)!  +  !:(^\«-2)!-...(-)'(n-r)!       (2). 

If  we  remember  that  (w-r)!,  above,  stands  for  the  number 
of  derangements  in  which  the  r  letters  all  occupy  their  original 
positions,  we  see  that^  when  r  =  n^{n-r)\  must  be  replaced  by  1 . 
Hence 

Cor.  The  number  of  derangements  of  a  series  of  n  letters  in 
which  no  one  of  the  original  n  occupies  its  original  position  is 

■     "■{'4,4- ■-^}-      » 

The  expression  (3)  may  be  written 
n(.  .  .  (4(3(2(1 -1)  +  1)-1)  +  1).  .  .-(-l)«)  +  (-l)» 
Hence  it  may  be  formed  as  follows : — Set  down  1,  subtract  1 ; 
multiply  by  2  and  add  1  ;  multiply  by  3  and  subtract  1 ;  and 
so  OIL  The  function  thus  formed  is  of  considerable  importance 
in  the  present  branch  of  mathematics,  and  has  been  called  by 
Whitworth  subfadoridt  n.  He  denotes  it  by  \\n,  A  more  con- 
venient notation  would  be  n\. 


SUBSTITUTIONS. 

§  19.]  Hitherto  we  have  merely  counted  the  permutations  of 
a  group  of  letters.  If  we  direct  our  attention  to  the  actual  per- 
mutations, and  in  particular  to  the  process  by  which  these  per- 
mutations are  derived  from  each  other,  we  are  led  to  an  order  of 
ideas  which  forms  the  foundation  of  that  important  branch  of 
modem  algebra  which  is  called  the  Theory  of  Substitutions. 

Consider  any  two  permutations,  becda^  bcadcy  of  the  five  letters 
a,  by  Cy  dy  e.  The  latter  is  derived  from  the  former  by  replacing 
a  by  «,  6  by  6,  c  by  a>  d  by  c?,  e  by  c.     This  process  may  be 


represented  by  the  operator  {  i  j^)  i  aiid  we  may  write 

/ebadc\ 
\abcde) 


(  -   n  jbecda  =  bcade : 
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or,  omitting  the  letters  that  are  unaltered,  and  thus  reducing  the 
operator  to  its  simplest  form, 

\acej 

The  operator  (      \  and  the  operation  which  it  effects,  are  called 

a  Substitution;  and  the  operator  is  often  denoted  by  a  single 
capital  letter,  S,  T,  &c. 

Since  the  number  of  different  permutations  of  a  group  of  n 
letters  is  n!,  it  is  obvious  that  the  number  of  different  substitu- 
tions is  also  n!,  if  we  include  among  them  the  identical  subsH- 

tution  \\^  '  '    j,  (denoted  by  S*  or  by  1),  in  which  no  letter 

is  altered 

We  may  effect  two  substitutions  in  succession  upon  the  same 
permutation,  and  represent  the  result  by  writing  the  two  Sjonbols 
representing  the  substitutions  before  the  permutation  in  order 

from  right  to  left.     Thus,  if  S^  (^),  T^  g),  -^ 

STaebcd  =  ecaM. 
We  may  also  effect  the  same  substitution  twice  or  three  times 
over,  and  denote  SS  by  S",  SSS  by  S',  &c.     Thus,  S  being  as 
before, 

S'aebcd  =  Sceabd  =  becad. 

It  should  be  observed  that  the  multiplication  of  substitution 
symbols  is  not  in  general  commutative.  For  example,  S  and  T 
being  as  above,  STaebcd  =  ecahd,  but  TSaebcd  =  caebd.  If,  when 
reduced  to  their  simplest  form,  the  Sjonbols  S  and  T  have  no 
letter  in  common,  they  are  obviously  commutative.  This  condi- 
tion, although  sufficient^  is  not  necessary ;  for  we  have 

fdcab\  fbadc\   ,   ,        «         /badc\  /dcab\  *   , 
[abed)  {flbcd)"^  =  «^*  =  \ahcd)  [flbcd)"^^ 

§  20.]  Since  the  number  of  permutations  of  n  letters  is 
limited,  it  is  obvious  that  if  we  repeat  the  same  substitution,  S, 
sufficiently  often  we  shall  ultimately  reproduce  the  permutation 
that  we  started  with.  The  smallest  number,  /*,  of  repetitions 
for  which  this  happens  is  called  the  order  of  the  substitution  S. 
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Hence  we  have  S'*  =  1,  and  8^^*=!,  where  p  is  any  positive 
integer. 

We  may  define  a  negative  index  in  the  theory  of  substitu- 
tions by  means  of  the  equation  S"^  =  S^^  /*  being  the  order  of 
S,  and  p  such  that  ^ft>^.  From  this  definition  we  see  that 
S^S-^  =  S«SP^-«  =  &P^  =  1.  In  other  words,  S<?  and  S-«  are  inverse 
to  each  other ;  in  particular,  if 

s.(S),th..s-.-Q.Q. 

A  set  of  substitutions  which  are  such  that  the  product  of 
any  number  of  them  is  always  one  of  the  set  is  caUed  a  group ; 
and  the  number  of  distinct  substitutions  in  the  group  is  called 
ihe  order  of  the  grovp.  The  number  of  letters  operated  on  is 
called  the  degree  of  the  group. 

It  is  obvious  from  what  has  been  shown  that  all  the  powers 
of  a  single  substitution,  S,  form  a  group  whose  order  is  the 
order  of  S. 

§  21.]  A  substitution  such  as  f   a //)>  where   each  letter 

is  replaced  by  the  one  that  foUows  it,  and  the  last  by  the  first,  is 
called  a  Cydk  SuistitutioTiy  and  is  usually  denoted  by  the  symbol 
(abcdef)* 

The  cyclic  substitution  (a),  consisting  of  one  letter,  is  an 
identical  substitution ;  it  may  be  held  to  mean  that  a  passes  into 
itself. 

The  cyclic  substitution  of  two  letters  {ab\  or  what  is  the 
same  thing  (6a),  is  spoken  of  as  a  Transposiiiofu 

The  effect  of  a  cyclic  substitution  may  be  represented  by 
writing  the  n  letters  at  equal  intervals  round  the  circumference 
of  a  circle,  and  shifting  each  through  l/nth  of  the  circumference. 
Thus,  or  otherwise,  it  is  obvious  that  the  order  of  a  cyclic  sub- 
stitution is  equal  to  the  number  of  the  letters  which  it  involves. 

§  22.]  Every  substitution  either  is  cyclic  or  is  the  product  of  a 
number  of  independeni  cyclic  substitutions  (cycles). 

Consider,  for  example,  the  substitution 

•  Or,  of  course,  by  (bcdefa),  (cdefab),  &c. 
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\(wcdefghj 

This  replaces  a  hy  b,  bhj  f^f  hy  a-,  these  together  constitute 
the  cyclic  substitution  (abf).  Next,  c  is  replaced  by  d,  and  d  by 
c ;  this  is  equivalent  to  the  cycle  (cd).  Again,  e  is  replaced  by 
g,  and  ^  by  e ;  this  gives  the  cycle  (eg).  Finally,  h  is  unaltered. 
Hence  we  have  the  following  decomposition  of  the  substitution 
S  into  cycles — 

8~{ab/){cd)(eg)ih). 

The  decomposition  is  obviously  unique ;  and  the  reasoning 
by  which  we  have  arrived  at  it  is  perfectly  general.  It  should 
be  noticed  that,  since  the  cycles  are  independent^  that  is,  have 
no  letters  in  common,  they  are  commutative,  and  it  is  indiflferent 
in  what  order  we  write  them. 

§  23.]  Every  cyclic  substitution  of  n  letters  can  be  decomposed  into 
the  product  ofn-1  transpositions. 

For  example,  we  have  {abed)  =  {ab){bc){cd) ;  and  the  process 
is  general. 

Cor.  Every  suhstitution  can  be  decomposed  into  n-r  transposi- 
tions, where  n  is  the  number  of  letters  which  it  displaces,  and  r  the 
number  of  its  proper  cycles. 


=  {ai)ibf)(cd){eg). 


This  decomposition  into  transpositions  is  not  unique,  as  will 
be  seen  presently,  but  the  above  gives  the  minimum  number. 

§  24.]  The  following  properties  of  a  product  of  two  trans- 
positions are  of  fundamental  importance. 

I.  The  product  of  two  transpositions  which  have  two  letters  in 
common  is  an  identical  suhstitution. 

This  is  obvious  from  the  meaning  of  (ab). 

II.  In  the  product  of  two  transpositions,  TT',  whidi  have  a  letter 
in  comm,on,  T  may  be  placed  first,  provided  we  replace  the  common 
letter  in  T  by  the  other  letter  in  T. 


Digitized  by 


Google 


zxin  DXCOHFOSrnON  INTO  TBANSPOSITIONS  29 

For  we  have    {ab){bc)^{^),     (*«)(«)=  (S). 
therefore  {ab){bc)  =  {bc){ac). 

Cor.  1.  {efK<^f)-{ae){ef). 

Cor.  2.  {(^){of)^(af){ef). 

in.  i/*  ^KTO  ^ranjpo^ion^,  T  amd  T',  Aave  tzo  fe^/^*  in  common^  they 
are  commutaHve. 

This  is  a  mere  particular  case  of  a  remark  already  made 
regarding  two  independent  substitutions. 

§  25.]  The  decomposition  of  a  given  substitution  into  transposi- 
tions is  not  unique. 

For  we  can  always  introduce  a  pair  of  factors  {ab)(ab)y  and 
then  commutate  one  or  both  of  them  with  the  others,  in  accord- 
ance with  the  rules  of  §  24. 

In  this  way  we  always  increase  the  number  of  transpositions 
by  an  even  number.  In  fact,  we  can  prove  the  following  im- 
portant theorem — 

The  number  of  the  trcmspositions  which  represent  a  given  substitu- 
tion is  always  odd  or  always  even. 

We  may  prove  this  by  reducing  the  product  of  transpositions 
to  a  standard  form  as  follows — 

Select  any  one  of  the  letters  involved,  say  a ;  take  the  last 
transposition,  T,  on  the  right  that  involves  a,  and  proceed  to 
commutate  this  transposition  successively  with  those  to  the  left 
of  it.  So  long  as  we  come  across  transpositions  that  have  no 
letter  in  common  with  T,  neither  T  nor  the  others  are  affected. 
If  we  come  to  one  that  has  a  letter  in  common  with  T  which  is 
not  O)  we  see  (§  24, 11.,  Cor.  1)  that  the  a  in  T  remains,  the  other 
letter  being  altered,  and  the  transposition  passed  over  remains 
unaltered.  If  we  come  to  a  transposition  that  has  a,  and  a  only, 
in  common  with  T,  by  §  24,  II.,  Cor.  2,  T  passes  to  the  left  un- 
altered, and  the  transposition  passed  over  loses  its  a.  Lastly,  if 
we  come  to  a  transposition  that  has  both  a  and  its  other  letter 
in  common  with  T,  then  both  it  and  T  may  be  removed.  If 
this  last  happen,  we  must  now  take  that  remaining  transposition 
containing  a  which  is  farthest  to  the  right,  and  proceed  as 
befora 
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The  result  of  this  process,  so  far  as  a  is  concerned,  will  be, 
either  that  all  the  transpositions  containing  a  will  have  dis- 
appeared, or  that  some  even  number  (including  0)  will  have  done 
so,  and  one  only,  say  (aJ),  will  remain  on  the  extreme  left. 

Consider  now  b.  If  among  the  remaining  factors  b  does  not 
occur,  then  we  have  obtained  a  cycle  (ab)  of  the  substitution; 
and  we  now  proceed  to  consider  some  other  letter. 

If,  however,  b  does  occur  again,  we  take  the  factor  farthest 
to  the  right  in  which  it  occurs,  and  commutate  as  before ;  the 
result  being,  either  that  all  the  transpositions  (even  in  number) 
containing  b  disappear,  or  that  an  even  number  of  them  do,  and 
we  are  left  with,  say  (ftc),  in  the  second  place.  We  now  deal 
with  c  in  like  manner ;  and  obtain  in  the  third  place,  say  (cd). 
This  goes  on  until  all  the  letters  are  exhausted,  or  until  we 
come  to  a  letter,  say  /,  that  disappears  from  the  factors  not  yet 
finally  arranged.  We  thus  arrive  at  a  product  {ab){bc){cd){de){ef) 
on  the  left. 

Now  (aiX^(«0W(«/)=(2/) 

s  (abcdef). 
We  have,  in  fact,  arrived  at  one  of  the  independent  cycles  of 
the  substitution.  If  we  now  take  any  other  letter  that  occurs  in 
one  of  the  remaining  substitutions  on  the  right,  we  shall  in  like 
manner  arrive  at  the  cycle  to  which  it  belongs,  after  losing  an 
even  number,  if  any,  of  the  transpositions ;  and  so  on,  until  all 
the  letters  are  exhausted,  and  all  the  cycles  arrived  at.  Since 
the  whole  number  of  transpositions  lost  is  even,  the  truth  of  the 
theorem  is  now  obvious ;  and  oUr  proof  furnishes  a  method  for 
reducing  to  the  minimum  number  of  transpositions. 

It  appears,  therefore,  that  we  may  divide  all  the  substitutions 
of  a  set  of  n  letters  into  two  classes — namely,  even  mbstiMionSy 
which  are  equivalent  to  an  even  number  of  transpositions,  and 
odd  substittdions,  which  are  equivalent  to  an  odd  number  of 
transpositions. 

Cor.  I.  If  n  be  ilte  number  of  letters  altered  by  a  suhstitutiorii  r 
the  number  of  its  cydes,  and  2s  an  arbitrary  even  integer,  the  number 
of  factors  in  an  equivalent  product  of  transpositions  w  n  -  r  +  2s. 
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Cor.  2.  The  rnmber  of  the  even  is  equal  to  the  nwmber  of  the 
odd  substUutions  of  a  set  of  n  letters. 

For  any  one  transposition,  applied  in  succession  to  all  the 
different  odd  substitutions,  will  give  as  many  even  substitutions, 
all  different  Hence  there  are  at  least  as  many  even  as  there 
are  odd  substitutions.  In  like  manner  we  see  that  there  are  at 
least  as  many  odd  as  there  are  even.  Hence  the  number  of  the 
even  is  equal  to  the  number  of  the  odd  substitutions. 

Cor.  3.  A  cyclic  substUviion  is  even  or  odd  according  as  the  num- 
ber of  the  letters  which  U  involves  is  odd  or  even. 

For  example,  (ofc)  =  {ah)  (be)  is  even. 

Cor.  4.  The  product  of  any  number  of  substitutions  is  even  or  odd 
according  as  the  number  of  odd  factors  is  even  or  odd.  In  particular, 
any  power  whatever  of  an  even  svbstiiution,.and  any  even  powei' of  any 
substitution  whatever,  form  even  substitutions. 

Cor.  6.  All  the  even  substitutions  of  a  set  of  n  letters  form  a 
group  whose  order  is  n\/2. 

§  26.  If  we  select  arbitrarily  any  one,  say  P,  of  the  n  !  per- 
mutations of  a  set  of  n  letters,  and  call  it  an  even  permutation, 
then  we  can  divide  all  the  n !  permutations  into  two  classes — 
1st,  n  !/2  even  permutations,  derived  by  applying  to  P  the  n  1/2 
even  substitutions;  2nd,  nl/2  odd  permutations,  derived  by 
applying  to  P  all  the  n  !/2  odd  substitutions. 

The  student  who  is  familiar  with  the  theory  of  determinants 
will  observe  that  the  above  is  precisely  the  classification  of  the 
permutations  of  the  indices  (or  umbrse)  which  is  adopted  in 
defining  the  signs  of  the  terms  in  a  determinant. 

It  is  farther  obvious,  from  the  definitions  given  in  chap, 
iv.,  §  20,  that  symmetric  functions  of  a  set  of  n  variables  are 
unaltered  in  value  by  any  substitution  whatever  of  the  variables ;  or, 
as  the  phrase  is,  they  are  said  to  ^^  admit  any  substitution  whatever." 
Alternating  functions,  on  the  other  hand,  admit  only  even  substitutions 
of  their  variables,  the  result  of  any  odd  substitution  being  to  alter 
Uieir  sign  without  otherwise  affecting  their  value. 

§  27.]  The  limits  of  the  present  work  will  not  permit  us  to 
enter  farther  into  the  Theory  of  Substitutions,  or  to  discuss  its 
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applications  to  the  Theory  of  Equations.  The  reader  who  desires 
to  pursue  this  subject  farther  will  find  information  in  the  follow- 
ing works:  Serret,  Cours  cFAlg^e  Sup&rieure  (Paris,  1879); 
Jordan,  TraiU  des  Substitutions  (Paris,  1870);  Netto,  SvhstUu- 
iionen-theorie  (Leipzig,  1882). 

EZERCISBS  III. 

(1.)  There  are  10  counters  in  a  box  marked  1,  2,  .' .  .,10  respectively. 
Three  drawings  are  made,  the  counter  drawn  being  replaced  each  time.  In 
how  many  ways  can  the  sum  of  the  numbers  drawn  amount — 1st,  to  9  exactly ; 
2nd,  to  9  at  least  ? 

(2.)  Out  of  the  integers  1,  2,  3,  .  .  .,10  how  many  pairs  can  be  selected 
so  that  their  sum  shall  be  even  ? 

(3.)  How  many  different  throws  can  be  made  with  n  dice  ? 

(4. )  In  how  many  ways  can  5  black,  6  white,  5  blue  balls  be  equally  dis- 
tributed among  three  bags,  the  order  of  the  bags  to  be  attended  to  ? 

(5.)  A  selection  of  c  things  is  to  be  made  partly  from  a  group  of  a,  the 
rest  from  a  group  of  b.  Prove  that  the  number  of  ways  in  which  such  a  set 
can  be  made  will  never  be  greater  than  when  the  number  of  things  taken 
from  the  group  of  a  is  next  less  than  (a  + 1)  (c+ l)/(a  +  ft  +  2). 

(6.)  In  how  many  ways  canj?  +  's  and  n  -  's  be  placed  in  a  row  so  that  no 
two  -  's  come  together  ? 

(7.)  In  the  Morse  signalling  system  how  many  signals  can  be  made  with- 
out exceeding  5  movements  ? 

(8.)  In  how  many  ways  can  3  pairs  of  subscribers  be  set  to  talk  in  a  tele- 
phone exchange  having  n  subscribers  t 

(9.)  There  are  3  colours,  and  m  balls  of  each.  In  how  many  ways  can 
they  be  arranged  in  3  bags  each  containing  m,  the  order  of  the  bags  to  be 
attended  to  ? 

'    (10.)  If  of  p+q+r  things  p  be  alike,  q  alike,  and  r  different,  the  total 
number  of  combinations  will  be  {p  + 1)  (^  + 1)2^  - 1. 

(11.)  In  how  many  ways  can  2n  things  be  divided  into  n  pairs  ? 

(12.)  The  number  of  combinations  of  3n  things  (n  of  which  are  alike), 
taken  »  at  a  time,  is  the  coefficient  of  a!"  in  (1 +ic)^/(l  -  a;). 

(13.)  jVboat  clubs  have  a,  ft,  c,  1,  1,  .  .  .,1  boats  each.  In  how  many 
ways  can  the  boats  be  arranged  subject  to  the  restriction  that  the  Ist  boat 
of  any  club  is  to  be  always  above  its  2nd,  its  2nd  always  above  its  3rd,  &c  ? 

(14.)  If  there  be  p  things  of  one  sort,  q  of  another,  r  of  another,  &c.,  the 
number  of  combinations  of  the  p+q+r  +  ,  .  .  things,  taken  A;  at  a  time,  is 
the  coefficient  of  a*  in  (l-iciH-i)(l-aj»+i)  .  .  . /(I  -  a?)  (1  -  a;)  ... 

(15.)  In  how  many  ways  can  an  arrangement  of  n  things  in  a  row  be 
deranged  so  that — 1st,  each  thing  is  moved  one  place ;  2nd,  no  thing  more 
than  one  place  f 

(16.)  Given  n  things  arranged  in  succession,  the  number  of  sets  of  8 
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which  can  be  formed  under  the  condition  that  no  set  shall  contain  two  things 
which  were  formerly  contiguous  is  (n  -  2)  (n  -  8)  (n  -  4),  the  order  inside  the 
sets  to  be  attended  to. 

(17.)  In  how  many  ways  can  m  white  and  n  black  balls  be  arranged  in  a 
row  so  that  there  shall  be  2r~  1  contacts  between  white  and  black  balls ! 

(18.)  In  how  many  ways  can  an  examiner  give  80  marks  to  8  questions 
without  giving  less  than  2  to  any  one  question  f 

*(19.)  The  number  of  ways  in  which  n  letters  can  be  arranged  in  r  pigeon- 
holes, the  order  of  the  holes  and  of  the  letters  in  each  hole  to  be  attended  to 
and  empty  holes  admitted,  is  r(r+l)  (r+2)  .  .  .  (r+«-l). 

(20. )  The  same  as  last,  no  empty  holes  being  admitted,  n  !  (n  - 1) !  /(n  -  r) ! 
(r-Dt. 

(21.)  The  same  as  last,  the  order  of  the  holes  not  being  attended  to, 
n!(n-l)l/(»-r)!r!(r-l)!. 

(22.)  The  number  of  ways  in  which  n  letters,  all  alike,  can  be  distributed 
into  r  pigeon-holes,  the  order  of  the  holes  to  be  attended  to,  empty  holes  to 
be  excluded,  is  n-iCr-i. 

(28.)  Same  as  last,  empty  holes  being  admitted,  ,».t.r-iCr~i. 

(24.)  Same  as  last,  no  hole  to  contain  less  than  q  letters,  n-i-Hq-rPr-i* 

(25.)  The  number  of  ways  of  deranging  a  row  of  n  letters  so  that  no  letter 
may  be  followed  by  the  letter  which  originally  followed  it  is  «i  +(»-  l)i . 

(26.)  The  number  of  ways  of  deranging  m+n  terms  so  that  m  are  dis- 
placed and  n not  displaced  is  (m+n)  \m\ /mini, 

(27. )  The  number  of  ways  in  which  r  different  things  can  be  distributed 
among  n+p  persons  so  that  certain  n  of  those  persons  may  each  have  one  at 
least  is 

S,=  (n+|>r-n(n+i)-l)'+^i'(7i+i,-2)--.  .  . 

Hence  prove  that 

S^=8j=.  .  .=Sn-x=0,    Sn=»l,    ^^i=(l+p){n+l)U 

(Wolstmholme,) 

(28.)  Fifteen  school-girls  walk  out  arranged  in  threes.  How  many  times 
can  they  go  out  so  that  no  two  are  twice  together  ?  (See  Cayley's  Works,  vol. 
I.,  p.  481.) 


Exercises  IV. 
Topological. 

(1.)  The  number  of  sides  of  a  complete  n-point  is  in(n~l),  and  the 
number  of  vertices  of  a  complete  n-side  is  the  same. 

(2.)  The  number  of  triangles  that  can  be  formed  with  2n  lines  of  lengths 
1,  2,  .  .  .,  2»isn(n-l)(4n-6)/6. 

(3. )  There  are  n  points  in  a  plane,  no  three  of  which  are  collinear.  How 

,  *  Exercises  19-25  are  solved  in  Whitworth's  Choice  and  Cfhance ;  q.v. 
VOL.  n  D 
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many  closed  r-dded  figures  can  be  formed  by  joining  the  points  by  straight 
lines ! 

(4. )  If  m  points  in  one  straight  line  be  joined  to  n  points  in  another  in 
every  possible  way,  show  that,  exclusive  of  the  m+n  given  points,  there  are 
mn{m  - 1)  (n  - 1)/2  points  of  intersection. 

(5.)  On  three  straight  lines,  A,  B,  C,  are  taken  I,  m,  n  points  respectively, 
no  one  of  which  is  a  point  of  intersection.  Show  that  the  number  of  triangles 
which  can  be  formed  by  taking  three  of  the  l+m+n  points  is  i{m+n){n  +  l) 
(Z + w)  -  mn  -nl-  Im. 

(6.)  There  are  n  points  in  a  plane,  no  three  of  which  are  collinear  and  no 
four  concyclic.  Through  every  two  of  the  points  is  drawn  a  straight  line  and 
through  every  three  a  circle.  Assuming  each  straight  line  to  cut  each  circle 
in  two  distinct  points,  find  the  number  of  the  intersections  of  straight  lines 
with  circles. 

(7.)  In  a  convex  polygon  of  n  sides  the  number  of  exterior  intersections  of 
diagonals  is  ^n{n  -  8}  (n  -  4)  (n  -  5),  and  the  number  of  interior  intersections 
is^n(n-l)(n-2)(«-8). 

(8.)  There  are  n  points  in  space,  no  three  of  which  are  collinear,  and  no 
four  coplanar.  A  plane  is  drawn  through  every  three.  Find,  1st,  the  num- 
ber of  distinct  lines  of  intersections  of  these  planes ;  2nd,  the  number  of  these 
lines  of  intersection  which  pass  through  one  of  the  given  n  points  ;  3rd,  the 
number  of  distinct  points  of  intersection  exclusive  of  the  original  n  points. 

(9.)  Out  ofn  straight  linds  1,  2, .  .  . ,  n  inches  long  respectively,  four  can  be 
chosen  to  form  a  pericyclic  quadrilateral  in  {27i(n  -  2)  (2n  -  5)  -  3  +  8(  - 1)"}/48 
ways. 

(10.)  Show  that  n  straight  lines,  no  two  of  which  are  parallel  and  no  three 
concurrent,  divide  a  plane  into  i(n'+n+2)  regions.  Hence,  or  otherwise, 
show  that  n  planes  through  the  centre  of  a  sphere,  no  three  of  which  are  co- 
axial, divide  its  surface  into  n'-n+2  regions. 

(11.)  Show  that  two  pencils  of  straight  lines  lying  in  the  same  plane,  one 
containing  m  the  other  n,  divide  the  plane  into  mn  +  2m  +  2»- 1  regions,  it 
being  supposed  that  no  two  of  the  lines  are  parallel  or  coincident 

(12.)  If  any  number  of  closed  curves  be  drawn  in  a  plane  each  cutting  all 
the  others,  and  if  nr  be  the  number  of  points  through  which  r  curves  pass, 
the  number  of  distinct  closed  areas  formed  by  the  plexus  is 
l+na  +  27i3+  .  .  .  +mr^i+  .  .  . 
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CHAPTEE   XXIV. 
Qeneral  Theory  of  Inequalities. 

"M^inm^  and  Mmiynf^. 

§  1.]  The  subject  of  the  present  chapter  is  of  importance  in 
many  branches  of  algebra.  We  have  already  met  with  special 
cases  of  inequalities  in  the  theory  of  Ratio  and  in  the  discussion 
of  the  Variation  of  Quadratic  Functions  of  a  single  variable ;  and 
much  of  what  follows  is  essential  as  a  foundation  for  the  theory 
of  Limits,  and  for  the  closely  allied  theory  of  Infinite  Series.  In 
fact^  the  theory  of  inequalities  forms  the  best  introduction  to  the 
theory  of  infinite  series,  and,  for  that  reason,  ought  to  be  set  as 
much  as  possible  on  an  independent  basis. 

§  2.]  We  are  here  concerned  with  real  algebraical  quantity 
merely.  As  we  have  already  explained,  no  comparison  of  com- 
plex numbers  as  to  relative  magnitude  in  the  ordinary 'sense  can 
be  made,  because  any  such  number  is  expressed  in  terms  of  two 
absolutely  heterogeneous  units.  Strictly  speaking,  there  is  a 
similar  difficulty  in  comparing  real  algebraical  quantities  which 
have  not  the  same  sign;  but  this  difficulty  is  met  (see  chap, 
xiii.,  §  1)  by  an  extension  of  the  notion  of  inequality.  It 
will  be  remembered  that  a  is  defined  to  be  algebraically  greater 
or  less  than  b  according  as  the  reduced  value  of  a  -  5  is  positive 
or  negative.  An  immediate  consequence  of  this  definition  is 
that  a  positive  quantity  increases  algebraically  as  it  increases 
numerically,  but  a  negative  quantity  decreases  algebraically  as 
it  increases  numerically.  The  neglect  of  this  consideration  is  a 
fruitful  source  of  mistakes  in  the  theory  of  inequalities. 

§  3.]  Prom  one  point  of  view  the  theory  of  inequalities  runs 
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parallel  to  the  theory  of  conditional  equations.  In  fact,  the 
approximate  numerical  solution  of  equations  depends,  as  we  have 
seen,  on  the  establishment  of  a  series  of  inequalities.* 

The  following  theorems  will  bring  out  the  analogies  between 
the  two  theories,  and  at  the  same  time  indicate  the  nature  of 
the  restrictions  that  arise  owing  to  the  fact  that  the  two  sides  of 
an  inequality  cannot,  like  the  two  sides  of  an  equation,  be  inter- 
changed without  altering  its  nature.  For  the  sake  of  brevity, 
we  shall,  for  the  most  part,  write  the  inequalities  so  that  the 
greater  quantity  is  on  the  left,  and  the  sign  >  alone  appears. 
The  modifications  necessary  when  the  other  sign  appears  are  in 
all  cases  obvious. 

I.  iirP>Q,  Q>R,R>S,  <A6?iP>S. 

Proof. -^(P  -  Q)  +  (Q  -  R)  +  (R  -  S)  =  P  -  S,  hence,since  P  -  Q, 
Q  -  R,  R  -  S  are  all  positive,  P  -  S  is  positive,  that  is,  P  >  S. 

IL  IfF>(lthenF±Ii>q±K 

For  (P  ±  R)  -  (Q  ±  R)  =  P  -  Q ;  hence  the  sign  of  the  former 
quantity  is  the  same  as  the  sign  of  the  latter. 

Cor.  1.  ijrP  +  Q>R  +  S,  then 

P  +  Q-R>S,     -R-S>-P-Q,      -P-Q<-R-S. 

It  thus  appears  that  we  may  transfer  a  term  from  one  side  of 
an  inequality  to  another^  provided  we  change  its  sign ;  and  we  may 
change  the  signs  of  ail  the  terms  on  both  sides  of  an  inequality^  pro- 
vided we  reverse  the  symbol  of  inequality. 

Cor.  2.  Every  inequality  may  be  reduced  to  one  or  other  of  the 
forms'P>OorF<0. 

In  other  words,  every  problem  of  inequality  may  be  reduced 
to  the  determination  of  the  sign  of  a  certain  quantity. 

III.  //Px>Q„P.>Q.,  .  .  .,Pn>Qn, 
then  Px  +  P,+  .    .   .   +Pn    >   Qi  +  Qa+  .    .    .   +Qn; 

for  (Pi  +  P.+  .    .    .  +Pn)-(Qx  +  Q.+  .    .    .   +Qn) 

=  (P,-Q,)  +  (P,-Q.)+   .    .    .   +(Pn-Qn), 

whence  the  theorem  follows. 

It  should  be  noticed  that  it  does  not  follow  that,  if  P,  >  Q^, 
P.>Q.,thenP,-P,>Q,-(i. 

*  See,  for  example,  the  proof  that  every  equation  has  a  root 
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IV.  If  P>Q,  thefn,  PR>QR,  wnd  P/R>Q/K,  ipromdei  R  ht 
posiUve  ;  but  PR  <  QR,  P/R  <  Q/R,  ifRbe  negative. 

For  (P  -  Q)R  and  (P  -  Q)/R  have  both  the  same  sign  as 
P  -  Q  if  R  be  positive,  and  both  the  opposite  sign  if  R  be 
negative. 

Cor.  1.  //  P>QR,  and  R>S,  then  P>QS,  provided  Q  be 
positive. 

Cor  2.  Every  fractional  inequality  can  be  integi'alised. 

For  example,  if  P/Q>R/S,  then,  provided  QS  be  positive, 
we  have,  after  multiplying  by  QS,  PS  >  QR ;  but,  if  QS  be  nega- 
tive, PS<QR 

If  there  be  any  doubt  about  the  sign  of  QS,  then  we  may 
multiply  by  Q'S",  which  is  certainly  positive,  and  we  have 
QPS'>Q'RS. 

V.  i/'Pi>Qi,  Ps>Qg,  .  .  .,  Pn>Qn,  (ind  dl  the  quantities  be 
positive,  then 

PiP.   .    .    .   Pn>      QiQ.  .    .  .    Qn. 
For  P,P.P3  .    .    .    Pn>Q,P.P»  .    .    .    Pn, 

since  P,  >  Q,  and  PjPj  .  .  .  Pn  is  positive  ; 


>Q,QJ>3  .  .  .  P, 


n> 


since  P,  >  Qg  and  QiPg  ...  P^  is  positive ;  and  so  on.     Hence, 
finally,  we  have 

P,P,  .  .  .  Pn>    Q,Q.  .  .  .  Qn. 

Cor.  1.  ijf  P>Q,  and  both  be  positive,  then  P**>Q**,  n  being 
any  positive  integer. 

Cor.  2.  If  F>Q,and  both  be  positive,  then  pi/»>Qi/»*,  n  being 
any  positive  integer,  and  the  real  positive  value  of  the  nth  root  being 
taken  on  both  sides. 

For,  if  F^^^^Q^f^,  then,  since  both  are  real  and  positive, 
(pi/n)n=(Qi/n)n  ^y  Qor.  1 ;  that  is,  P^Q,  which  contradicts  our 
hypothesis. 

Cor.  3.  ijf  P  >  Q,  both  being  positive,  and  n  be  any  positive  gmn- 
tUy,  then  P"**  <  Q"'*,  where,  if  the  indices  are  fractional,  there  is  the 
usual  understanding  a^  to  the  root  to  be  taken. 

Remark. — ^The  necessity  for  the  restrictions  regarding  the 
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sign  of  the  members  of  the  inequalities  in  the  present  theorem 
will  appear  if  we  consider  that,  although  -  2  >  -  3,  and 
-  3>  -  4,  yet  it  is  not  true  that  ( -  2) ( -  3)>( -  3)  (  -  4). 

These  restrictions  might  be  removed  in  certain  cases;  for 
example,  it  follows  from  -  3  >  -  4  that  (  -  3)'  >  ( -  4)*,  in  other 
words,  that  -  27  >  -  64 :  but  the  importance  of  such  particular 
cases  does  not  justify  their  statement  at  lengtL 

Cor.  4.  An  inequality  may  he  rationalised  if  due  attention  he  paid 
to  the  above-mentioned  restrictions  regarding  sign. 

§  4.]  By  means  of  the  theorems  just  stated  and  the  help  of 
the  fundamental  principle  that  the  product  of  two  real  quantities 
is  positive  or  negative  according  as  these  quantities  have  the 
same  or  opposite  sign,  and,  in  particular,  that  the  square  of  any 
real  quantity  is  positive,  we  can  solve  a  great  many  questions 
regarding  inequalities. 

The  following  are  some  examples  of  the  direct  investigation 
of  inequalities ;  the  first  four  are  chosen  to  illustrate  the  paral- 
lelism and  mutual  connection  between  inequalities  and  equa- 
tions : — 

Example  1.  Under  what  circumstances  is 

(3a;-l)/(aj-2)  +  (2aj-8)/(aj-5)>  or  <  5? 

Ist.  Let  us  suppose  that  x  does  not  lie  between  2  and  5,  and  is  not  equal 
to  either  of  these  values.    Then  (x  -  2)  (a;  -  5)  is  positive,  and  we  may  multiply 
by  this  factor  without  reversing  the  signs  of  inequality. 
Hence  F  =  (3a;  -  l)l(x  -  2)  +  (2aj  -  8)/(ar  -  6)  ><  6, 

according  as 

(8aj-l)(aj-5)  +  (2a;-8)(aj-2)><6(a;~2)(«-5), 
according  as  Saj*  -  23a; + 11  ><  So^  -  36a; + 60, 

according  as  12a;  ><  39,      - 

according  as  a;  ><  3^. 

Under  our  present  supposition,  x  cannot  have  the  value  8^  ;  but  we  con- 
clude from  the  above  that  if  a;  >  5,  F>5,  and  if  a;<2,  F<6. 

2nd.  Suppose  2<a;<6.  In  this  case  (a;-2)(x-6)  is  negative,  and  we 
must  reverse  all  the  signs  of  inequality  after  multiplying  by  it. 

We  therefore  infer  that  if  2<a;<3i,  F>6,  and  if  3i<z<6,  then 
F<6. 

The  student  should  observe  that,  as  x  varies  from  -  oo  to  +  oo ,  the  sign  of 
the  inequality  is  thrice  reversed,  namely,  when  x=2,  when  a;=3i,  and  when 
a;=6 ;  the  first  and  last  reversals  occur  because  F  changes  sign  by  passage 
through  an  infinite  value ;    the  second  reversal  occurs  because  F  passes 
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through  the  value  5.     The  student  sl^ould  draw  the  graph  of  the  func- 
tion F.* 

Example  2.  Under  what  circumstances  is 

F  =  (8a;-4)/(a;-2)><l? 
Multiplying  by  the  positive  quantity  {x  -  2)^,  we  have 

(8a:-4)/(a;-2)><l, 
according  as  (3aj  -  4)  (a;  -  2)  ><  (aj  -  2)', 

according  as  U3aj-4)-(a;-2)}(a:-2)><0, 

according  as  2(aj  - 1)  (aj  -  2)  ><  0. 

Hence  F>1,  if  a5<l  or  >2; 

F<1,  ifl<a;<2. 

Example  3.  Under  what  circumstances  is  a^ + 25a;  ><  Sa:^  +  26  ? 

»»+26aj><8a!^+26, 
according  83  a^-8aj'+ 26a; -26x0, 

according  as  (a;-2)(aj'-6a;+18)><0, 

according  as  (a;-2){(aj-8)'+4}><0. 

Now  (a;  -  8)*  +  4  is  positive  for  all  real  values  of  x ;  hence 

a?+25a;><8aj»+26, 
according  as  x>  <2. 

Example  4.  If  the  positive  values  of  the  square  roots  be  taken  in  all 
caseSj  is 

V(2a:  +  l)  +  V(«-l)><V(8«)? 
Owing  to  the  restriction  as  to  sign,  we  may  square  without  danger  of  re- 
versing the  inequality.    Hence 

^/(2x + 1)  +  V(a  - 1)  ><  \/(8»), 
according  as  2a;+l+a;-l+2V{(2aJ+l)(«-l)}  ><3«i 
according  as  2V{(2a;+l)(a;-l)}  ><0. 

Now,  provided  x  is  such  that  the  value  of  \/{(2a;+ 1) (a;- 1)}  is  real,  that  is, 
provided  a;  >1, 

2V{(2a;+l)(a;-l)}>0, 

therefore  \/(2a + 1)  +  V(«  - 1)  >  V(8«)>  if  «>  1. 

Negative  values  oix  less  than  -\  would  also  make  'sJ{(7x-\-\){x-\)) 
real ;  but  such  values  would  make  V(2»+ 1)»  V(^"  1)»  ^^^  V(M  imaginary, 
and,  in  that  case,  the  original  inequidity  would  be  meaningless. 

Example  5.  If  a;,  2/»  ^  *  •  •  be  n  real  quantities  {n-\)la^<7,lay. 

Since  all  the  quantities  are  real,  Z(a;-y)'-<0. 

Hence,  since  x  will  appear  once  along  with  each  of  the  remaining  n-\ 
letters,  and  the  same  is  true  ofy,z,  .  .  . ,  we  have 

(n-l)2a?«-2Sa;y<tO, 
that  is,  (71  -  l)2a;*  <  2Xxy. 

*  The  graphical  study  of  inequalities  involving  only  one  variable  will  be 
found  to  be  a  good  exercise. 
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In   the  case  wbere  x=y=z=  ...  we    have  2!a?=»ia?,  2Xxy=2nC^ 
=n{n'-l)a^,  so  that  the  inequality  just  becomes  an  equality. 
When  n=2,  we  have  the  theorem 

or,  if  we  put  x= ^Ja,  y= \Jh^  a  and  h  being  real  and  positive, 

a  theorem  already  established,  of  which  the  preceding  may  be  regarded  as  a 
generalisation.  A  more  important  generalisation  of  another  kind  will  be 
given  presently. 

Example  6.  If  a;,  y,  2,  ...  be  n  real  positive  quantities,  and  |)  and  q  any 
two  real  quantities  having  the  same  sign,  then 

We  have  seen  that  x^-yf^  and  {b»  -  y«  will  both  have  the  same  sign  as 
x-y^  or  both  opposite  signs,  according  as p  and  q  are  both  positive  or  both 
negative.  Hence,  in  either  case,  (a;' -  yf)  (ic>  -  j^)  has  the  positive  sign. 
Therefore 

(ajj'-yp)(a:»-y«)<0, 
whence  Jc'^+y^Oj^+a^yP. 

If  we  write  down  the  ^Cj  inequalities  like  the  last,  obtained  by  taking 
every  possible  pair  of  the  n  quantities  x^y^z^  .  .  . ,  and  add,  we  obtain  the 
following  result — 

If  we  now  add  Sa;'^  to  both  sides,  we  deduce 

N,B. — If  I?  and  q  have  opposite  signs,  then 

These  theorems  contain  a  good  many  others  as  particular  cases.  For 
example,  if  we  put  q^  -p,  wo  deduce 

which,  when  n=8,  |)=1,  gives 

(aj+y+2)(l/aj+l/y+l/2)^9; 
whence  {x+y+z)iyz+gx+xy)<9xyz; 

and  so  on. 

Example  7.  If  a;,  y,  2  be  real  and  not  all  equal,  then  Za:*>  <  80:^2,  accord- 
ing as  2)£B>  <0. 

For  2aj»-3iBy2  =  2:«(Sic»-2ay), 

=  i2r2(a:-y)«. 

Hence  the  theorem,  since  X{x-y)^  is  essentially  positive. 
Example  8.  To  show  that 

1  1.3  ..  .  (27t-l)     V(n+1) 

VlZn+l)"^     2..4  .  .  .  2n     ^   2n  +  l  ' 
where  n  is  any  positive  integer. 
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From  the  inequality  a  +  6>2V(o^)  we  deduce 

{2n-l)  +  (2»+l)>2V{(2»-l)(2»+l)} ; 
whence  (2n-l)/2w<  V{(2»-l)/(2«+l)}  (1) ; 

similarly  (27i-8)/2(n-l)<V{(2»-8)/(2»-l)}  (2) ; 


6/2.8<V{5/7}  (n-2); 

3/2.2<V{3/5}  (n-1); 

l/2.1<V{l/3}  (n). 
Multiplying  these  inequalities  together,  we  get 


1.8.5  .  ,  .  (2n-l)  1 

2.4.6  ..  .  (2n)    ^V(2»+l) 
Again,  »+(»+l)>2V{n(n+l)}, 

that  is,  2W+ 1  >  2\/  {n(n.+ 1 )} . 


(A). 


Hence  we  have  the  following  inequalities — 

(2n  +  l)/2n>V{(n+l)M  (1)', 

(2n  -  l)/2(n  - 1)  >  V  W(n  - 1)}  (2)', 


7/2.8>VW3}  (n-2r, 

6/2.2>V{3/2}  («-iy, 

8/2.1  >V{2/1}  W. 

Multiplying  these  n  inequalities  together,  we  get 
1,3.6  .  .  .  (2n+l)       ,,   ^_, 
2.4  ..  .  2n       >V(n  +  l). 

Hence  ^'f 'f  V  '  ^^V ^^>#^^  (B). 

2.4.6  ...  271  2n+l 

(A)  and  (B)  together  establish  the  theorem  in  question. 

Since  \/(w+l)/(2n+l)>  V(^+l)/(2«  +  2)>l/2V(»+l),  we  may  state  the 
above  theorem  more  succinctly  thus, 

1 1_^8^.  _.  .(271-1)  1 

V(27H-1)^     2.4  ..  .  2n     ^2^(^+1)' 


DERIVED  THEOREMS. 

§  5.]  We  now  proceed  to  prove  several  theorems  regarding 
inequality  which  are  important  for  their  own  sake,  and  will  be 
of  use  to  us  in  following  chapters. 

Ifbifb^.  .  ,,  bn  be  all  positive,  the  f radian  (a^  +  a^  + .  .  .  +  an)l 
{bi  +  b^  + ,  ,  ,  +  bn)is  not  less  than  the  least,  and  iwt  greater  than 
the  greatest,  of  the  n  fractions  ajb^,  a^/b^  .  .  .,  an/bn* 

Let  /  be  the  least,  and  /'  the  greatest  of  the  n  fractions, 
then 

ailbi<f,   a^l\<f,    .  .  .,   ajbn<f 
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Hence,  since  b^^  b„  ,  .  .,  b^  are  all  poaitiye, 

Adding,  we  have 

{a,  +  a^  +  .  .  .+an)<f{bi  +  b,  +  ,  .  Ubn); 
whence 

(a,  +  a,  + .  .  .  +  an)l{b,  +  b,  +  .  .  .  +  &„)  <f. 

In  like  manner,  it  may  be  shown  that 

(a,  +  a^  +  .  .  .+an)l(h  +  b,  +  .  .  .  +  bn)>T. 

Remark — ^This  theorem  is  only  one  among  many  of  the  same 
kind.*  The  reader  will  find  no  difficulty  in  demonstrating  the 
following : — 

If  a„  a,,  .  .  .,  an,  ft,,  &»  .  .  .,  bnbe  as  before,  and  Z„  l„  ...,/» 
be  n  positive  quantities,  then  ^^a^jUfi^  is  not  less  'than  the  least,  and 
not  greater  ihrni  the  greatest,  among  the  n  fractions  a^jb^,  a^jb^ 

•    •    •,  O^nlbn- 

If  a„  a»  .  .  .,  On,  6„  fta,  .  .  .,  bn,  /„  /«...,  In  &«  oll posUive, 
then^  {2/ia,"*/2/,6i"*}i/'»  and  {a,a,  .  .  .  a„/6,6,  .  .  .  b^fl'^  are, 
each  of  them,  not  less  than  the  least,  and  not  greater  than  the  greatest, 
among  the  n  fractions  ajb^,  a^jbt,  .  .  .,  anlb^* 

Example,  to  prove  that 

1  rl.8..  .(2n^l)|^^ 

2^  V  t      2.4  ..  .  2n     i 
Since  the  fractions  1/2,  3/4,  .  «  .  (2n-l)/27iare  obviously  in  ascending 
order  of  magnitude,  we  have,  in  the  second  part  of  the  last  of  the  theorems 
just  stated, 

1      n/fl.3  .  .  .  (2n-l)\     2n-l 

2"^  '^  t      2.4  ...  271     J         271   • 
Now,  (2n  -  l)/27i=  1  -  l/2n<  1,  hence  the  theorem  follows ;  and  it  holds,  be  it 
observed,  however  great  n  may  be. 

§  6.]  If  X,  p,  q  be  all  positive,  and  p  and  q  be  integers,  then 
(irP-  1)Ip>  <(ic*-  1)/^  according  asp>  <q. 
Since  p  and  q  are  positive, 

(xP-l)/p><(2fl-l)lq, 
according  as  q{xP  "•  1)  >  <p{^  -  1), 

*  See  the  interesting  remarks  on  Mean  Values  in  Cauchy*s  Analyse 
Algfhrique, 
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according  as 

{x-'l){q(xP'^  +  xP''^  +  .  ..  +  l)-;?(a:9-i  +  a^-2  +  ..  .  +  1)}><0. 

If^>^,  we  have 
X  =  {x-l){q(xP-'^  +  xP-^+.,,  +  l)'-p{7fl''^  +  afi-^  +  .  ..  +  1)}, 
=  (aj  -  l){q{xP'^  +  xP'^  +  .,.  +  3fi)-(p-'  jr)(a^-i  ^  ixfl-^  +  . . .  +  I)}. 

Now,  if  a;  >  1, 

a;9-i  +  a:9-2  +  ^  ^  .  +  1  <  qyii'^ ; 

therefore, 

X  >  (x  -  1)  fe(;?  -  2)^:?  -  (i>  -  ff)^a^-i} , 

>0. 
Again,  if  a;<  1, 

>(?(!,-?)  (a; -l)(ajP-i-l), 
>  0.  (§  3,  Th.  v.,  Cor.  1.) 

Hence,  in  both  cases, 

(^^-l)/p>(^-l)/2. 
By  the  same  reasoning,  iiq>Pi 

{^-l)lq>{xP-l)lp, 
that  iajiip<q, 

(xP-l)/p<(afl-l)/q. 

§  7.]  Ifx  be  positive,  and  4=  1,  then 

fnx^-i(x  -  1)  >  jB*^  -  1  >  m{x  -  1), 
ufdess  m  lie  between  0  and  +  1,  m  tcAicA  case 

fnx^'Hx  -  1)  <  ai™  -  1  <  w(a;  -  1). 

From  §  6,  we  have 

(iP-l)><(plq)(S'-l)  (1), 

according  as  ^  >  <q,  where  ^  is  any  positive  quantity  4=  1,  and 
p  and  q  positive  integers.  In  (1)  we  may  put  x^^^  for  ^,  where  x 
is  any  positive  quantity  4=  1  (the  real  positive  value  of  the  ^h 
root  to  be  taken),  and  we  may  put  m  for  p/q,  where  m  is  any 
positive  commensurable  quantity.    (1)  then  becomes 

a^-l>  <m(a;-l)  (2), 
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according    as  m  >  <  1,  which  is   part  of  the   theorem  to   be 
established. 

In  (2)  we  may  replace  x  by  l/x,  where  x  is  any  positive 
quantity  4=  1,  and  the  inequality  will  still  hold. 

Hence  (1/a;)^  -  1  >  < m(l/a;  -  1)  (3), 

according  as  m  >  <  1. 

If  we  multiply  (3)  by  -  a^,  we  deduce 

jc"*  -  1  <  >  mx^''\x  -  1), 

that  is,  nw^-^x  -  1)  >  <ar"*  -  1, 

according  as  m  >  <  1. 

We  have  thus  established  the  theorem  for  positive  values 
of  wi. 

Next^  let  m  =  -n  where  n  is  any  positive  commensurable 
quantity.     Then 

«-»-!>  <(-7i)(a;-l), 
according  as  1  -  aJ"  >  <  -  nic'*(a;  -  1), 

according  as  x^-l  <  >  nx^{x  -  1), 

Add  aJ"+^  -  a?*  to  both  sides,  and  we  see  that 

a;-«-l>  <(-n)(a;-l), 
according  as 

(n  +  l)aJ«(aj -  1) >  <a^+i-l. 

Now,  since  n  is  positive,  w  +  1  >  1,  therefore,  by  what  we 
have  already  proved, 

Hence  a;-»- 1  >( -n)(a;- 1)  (4). 

In  (4)  we  may  write  l/x  for  x ;  and  then  we  have 

(l/x)-»-l  >(-«)(!/»;- 1). 
If  we  multiply  by  -  «"'*,  this  last  inequality  becomes 
a;-^-l<(-n)a;-»-i(a;-l), 
that  is,  (-n)a;-«-i(a;-l)>a;-»- 1. 

Hence,  if  m  be  negative, 

mx^-\x  -  1)  >  a?*-  1  >  m{x  -  1) ; 
which  completes  the  demonstration. 
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Cor.  If  X  and  y  be  any  two  unequal  positive  quantities,  we 
may  replace  x  in  the  above  theorem  by  x/y.  On  multiplying 
throughout  by  y^,  we  thus  deduce  the  following — 

If  X  and  y  he  positive  and  unequal^  then 

ma^'\x  -y)>x^-tf^>  m^'\x  -  y), 
unless  m  lie  between  0  and  +  1,  in  which  case 

ma?^-\x  -  y)  <  «"*  -  y»»  <  mi/^'\x  -  y). 

We  have  been  careful  to  state  and  prove  the  inequality  of 
the  present  section  in  its  most  general  form  because  of  its  great 
importance :  much  of  what  follows,  and  many  theorems  in  the 
following  chapter,  are  in  fact  consequences  of  it.* 

Example  1.  Show  that,  if  aj  be  positive,  (1+aj)"*  always  lies  between 
l+9iu;and  (l+aj)/{l  +  (l-m)a;},  provided  inx<l+x. 

Suppose,  for  example,  that  m  is  positive  and  <1.     Then,  by  the  theorem 
of  the  present  section, 

7?i(l  +  a;)"»-^a;  <  (1 +»)"•- 1  <  ww;. 
Hence  (1  +  «)♦*»  <  1  +  mx. 

Also,  (1  +«)"•- 1  >  mx(l  +  «)"•/(!  +  x), 

\l-mxl(l+x)}{i+x)^>l, 
l{mx<l+Xf  1  -  77ur/(l  +x)\a  positive,  and  we  deduce 
(l+x>r>ll{l-mxl{l+x}}, 

>(l+a;)/{l+(l-m)aj}. 
The  other  cases  may  be  established  in  like  manner. 
Remark, — It  should  be  observed  that 

(1  dbaj)**  ><  1  ±.mXf 
according  as  m  does  not  or  does  lie  between  0  and  + 1. 

Example  2.  Show  that,  if  i^i,  Ks  .  .  . ,  Un  be  all  positive,  then 
(l+Wi)(l+«j)  .  .  .   (l+w„)>l+wi  +  Ma  +  ..  .+Mn; 
also  that,  if  Ui,  i^  .  .  . ,  !««  be  all  positive  and  each  less  than  1,  then 

(l-1«l)(l-M8)   .    .    .    (l-l£n)>l-Wl-tes-...-M„. 

The  first  part  of  the  theorem  is  obvious  from  the  identity 

(l+ttl)(l+tts)   .    .    .    (l+l£n)=l  +  2tti  +  SWiM8  +  2MiM8W8  +  .  .  .+tti2^.  .  .  ««. 

The  latter  part  may  be  proved,  step  by  step,  thus — 
l-tti=l-«i. 
(1  -  wi)  (1  -  «a)  =  1  -  tti  -  Ma+  MiUa, 

>1-Wi-M8. 

*  Several  mathematical  writers  have  noticed  the  unity  introduced  into 
the  elements  of  algebraical  analysis  by  the  use  of  this  inequality.  See  especi- 
ally Schlomilch's  Handhuch  der  Algebraischen  Analysis,  The  secret  of  its 
power  lies  in  the  fact  that  it  contains  as  a  particular  case  the  fundamental 
limit  theorem  upon  which  depends  the  differentiation  of  an  algebraic  function. 
The  use  of  the  theorem  has  been  considerably  extended  in  the  present  volume. 
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Hence,  since  l-u^ls  positive, 

(l-ttl)(l-i^)(l-t£,)>(l-U,)(l-«i-Ma), 

>  1  -  Ml  -  M2  - -Ms  +  M8{Wl  +  Wa), 
>l-Wi-Ma-t«3. 

And  so  on. 

These  inequalities  are  a  genei'alisation  of  {l±xy*>l±nx{x<l  and  n  a 
positive  integer).    They  are  useful  in  the  theory  of  infinite  products. 

§  8.]  Ths  arithmetic  mean  of  n  positive  quantities  is  not  less  than 
their  geometric  mean. 

Let  us  suppose  this  theorem  to  hold  for  n  quantities 
a,  5,  (J,  .  .  .,  A;,  and  let  I  be  one  more  positive  quantity.  By 
hypothesis, 

(a  +  6  +  c  +  .  .  .■\-k)ln^{abc  .  .  .  ^)i/", 
that  is, 

a  +  h-^c-^.  .  ,+k<i;:n{abc  .  .  .  k)^^^. 
Therefore 

a  +  h  +  c  +  .  .  .  +k  +  l^n{ahc  .  .  .  ky^^  +  l. 

Now, 

•     n{abc  .  .  .  k)^''  +  l<i;:(n+l){ahc  .  .  .  kiyi(^+^\ 

provided 

n{ahc  .  ,  .  ifc//»}i/«  +  l<(n+l){a5c  .  .  .  H//«+i}i/(«+i), 
^(n+l){abc  .  .  .  i[:/Z'»}i/(n+i), 
that  is,  provided 

n^+i  +  l<(7i+l)^, 

where  f»(«+i)  =  aic  .  .  .  k/l^, 

that  is,  provided 

(71+1)^(^-1X^+1-1, 

which  is  true  by  §  7. 

Hence,  if  our  theorem  hold  for  n  quantities,  it  will  hold  for 
n+1.  Now  we  have  seen  that  {a  +  h)l2^{ah)\  that  is,  the 
theorem  holds  for  2  quantities ;  therefore  it  holds  for  3  ;  there- 
fore for  4 ;  and  so  on.     Hence  we  have  in  general 

(a  +  5  +  c  +  .  .  . -{■  k)/n^(abc  .  .  .  kyf\ 

It  is,  of  course,  obvious  that  the  inequality  becomes  an 
equality  when  a  =  b-c  =  .  .  .=k 
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There  is  another  proof  of  this  theorem  so  interesting  and 
fundamental  in  its  character  that  it  deserves  mention  here.* 

Consider  the  geometric  mean  {abc  .  .  .  A)^'**.  If  a,  6,  c,  .  .  . 
be  not  all  equals  replace  the  greatest  and  least  of  them,  say  a 
and  kjhj  {a  +  k)/2 ;  then,  since  {(a  +  ft)/2}  *  >  oA,  the  result  has 
been  to  increase  the  geometric  mean,  while  the  arithmetic  mean 
of  the  n  quantities  (a  +  k)/2,  h^  c, ,  .  .,  (a+  h)/2  is  evidently  the 
same  as  the  arithmetic  mean  of  a,  5,  c,  .  .  .,  ^.  If  the  new  set 
of  n  quantities  be  not  all  equal,  replace  the  greatest  and  least  as 
before ;  and  so  on. 

By  repeating  this  process  sufficiently  often,  we  can  make  all 
the  quantities  as  nearly  equal  as  we  please;  and  then  the 
geometric  mean  becomes  equal  to  the  arithmetic  mean. 

But,  since  the  latter  has  remained  unaltered  throughout,  and 
the  former  has  been  increased  at  each  step,  it  follows  that  the 
first  geometric  mean,  namely,  {abc  .  .  .  k)^^,  is  less  than  the 
arithmetic  mean,  namely,  (a  +  b  +  c  +  .  .  .  +  k)/n. 

As  an  illustration  of  this  reasoning,  we  have  (1.3.6.  9)^^* 
<  (6 .  3 .  5 .  5)i  <  (5 .  4 .  4 .  5)i  <  (4*5  .  4*5 .  4*5  .  4-6)i  <  4-5  <  (1  +  3 
+  5  +  9)/4. 

Cor.  If  a,  b,  .  .  .,  kbe  n positive  guanHties,  andp,  q,  ,  .  .y  t  be  . 
n  positive  commensurable  quantities,  then: 

pa  +  qb  +  .  .  r  +  i^u/^p^cf  .  .  .  J(i)il(P+q+  .  .  .  +0. 
p-hq  +  .  .  .  +  t    ^^  ^ 

It  is  obvious  that  we  are  only  concerned  with  the  ratios 
p:q:  ,  ,  .  :t.  Hence  we  may  replace  p^  q, .  .  . ,  <  by  positive 
integral  numbers  proportional  to  them.  It  is,  therefore,  suffi- 
cient to  prove  the  theorem  on  the  hypothesis  that|?,  ^i .  .  .,  ^ 
are  positive  integers.  It  then  becomes  a  mere  particular  case  of 
the  theorem  of  the  present  paragraph,  namely,  that  the  arithmetic 
mean  o{p  +  q  +  .  .  ,  +  t  positive  quantities,  p  of  which  are  equal 
to  a,  qto  b,  .  .  .,ttok,is  not  less  than  their  geometric  mean. 

*  See  also  the  ingenious  proof  of  ^he  theorem  given  by  Cauchy  {Analyse 
Algibriqtie,  p.  457),  who  seems  to  have  been  the  first  to  state  the  theorem  in 
its  tadost  general  form. 
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Example  1.  Show  that,  if  a,  i,  .  .  . ,  £  be  n  podtiTe  qnantities,     , 

/a+h  +  .  .  .+*\«+»+.  .  .+»• 

'^\ n ) 

The  first  part  of  the  proposition  follows  from  the  above  corollary  by  taking 
p=a,q=h,  .  .  .,  h=e. 

To  prove  the  second  part  let  us  assume  that 

a«ft*  .  .  .     1(*<    {(a+6+.  .  .+Ar)/«}*+^+-  •  •+*• 
Then  a«6*  .  .  .  ;fc*Z'<|:?{(a+J  +  .  .  .+i)M«+^+-  •  •+*• 

But 

P{(a  +  6  +  .  .  .+A:)/n}'»+^+---+*^{(a  +  ft  +  .  .  .+ A: +0/(n +  !)}«+*+••  •+*+', 
provided  1<  Ml +«)/(«+!)}  {(l  +  l/a5)/(7i +  !)}«, 

that  is,  {(l  +  l/a;)/(»+l)}«>(»+l)/n(l+x), 

where  a;=2/(a+&  +  .  .  .  +Xr),  which  we  may  suppose  >  1,  since  there  is  no  loss 
of  generality  in  supposing  a,  6, .  ,  ,,  k,  I  arranged  in  descending  order  of 
magnitude. 

Now,  by  §  7,  since  x>l, 

{{l  +  llx)l{n+l)}'>l+x{{l  +  llx)l(n+l)-l}, 

>(»  +  2-»U5)/(«  +  l). 

Also,  (»+2-naj)/(n  +  l)>(»+l)/n(l+a;), 

provided         n(ri  +  2 -««)(!+ «)>-(u+l)*, 

w*  +  2»+2na;-wV>n*+2n+l, 

0>(7WJ-1)«, 

which  is  true. 

Hence,  if  the  proposition  hold  for  n  quantities,  it  will  hold  for  n+1. 
But,  obviously,  tf»«<(a/l)«,  hence  &c. 

Example  2.  Prove  that  1.8  .  .  .  (2n-  l)<n». 
Wehave  {1  +  3  +  .  .  .  +  (2«-l)}/«>{1.8  .  .  .  (2»-l)}i/», 

that  is,  nyn>{l.B  .  .  .  (2n-l)}i/». 

Hence  %*»>  1.8  ..  .  (2w-l). 

§  9.]  If  a,  by  ,  .  .yk  ben  positive  guaniitieSy  andp,  q, .  .  .y  t 

be  n  positive  gmntitieSy  then 

pa^-^qb'^  +  .  .  ,  +  tk^/pa  +  qb  +  ,  .  ,  +  tk\^ 


p  +  q  +  . 

.  .  +  < 

^^V  !>  +  ?  +  . 

.^t     J 

\*/> 

according  as  m  does  not  or  does  lie  between  0  and 

+   1. 

If  we  denote 

l?/(p  +  ^  + 

.  .  .  +  0, 

g/(;>  +  2  +  .  .  .  +  tX&c, 

by  X,  /*,  .  .  .,  T,  and 

aj(\a  +  /a5  + . 

.     .+T*), 

b/{Xa  +  fib  +  .  . 

.     +    Tk)y     &C. 

> 

by  a:,  y,  .  .  .,  w,  so 

that 

A   +/i   + 

.    .    .+T      =1 

(2). 

\x-k-  iiy  + 

.  .  .  +tw=1 

(3). 
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then,  dividing  both  sides  of  (1)  by 

{{pa  +  qb  +  .  .  .  +  ik)/{p  +  5  + .  .  .  + 1)}"^, 
we  have  to  prove  that 

Xa!^  +  fll/^+,  .  .+TM7'»<t:>l  (4), 

according  as  m  does  not  or  does  lie  between  0  and  i- 1. 

Now,  by  §  7,  if  m  does  not  lie  between  0  and  +  1,  a;*'*  -  1 
^?7i(a;  -  1),  ^  -  1  <^m(]/  -  1),  &c.  Therefore,  since  A,  /x,  &c.,  are 
positive, 

2A.(«"»-l)<t:5:Aw(a;-l), 

<t:m{2Aa;-2A}, 

<^mll  - 1), 
by  (2)  and  (3),  that  is, 

2Aa;'«-2A<t:0. 
Hence  2Aa;'^^L 

In  like  manner,  we  show  that,  if  m  lies  between  0  and  +  1, 
'     2A««»>1. 
Cor.  If  toe  makep  =  q  =  .  .  ,  =  tyWe  have 

n ^>\ n ;  ^^^' 

thai  is  to  say,  the  arithmetical  mean  of  the  mth  powers  of  n  positive 
quantities  is  not  less  or  not  greater  than  the  mth  power  of  their  arith- 
metical mean,  according  as  m  does  not  or  does  lie  between  0  and  +  1. 
Remark. — It  is  obvious  that  each  of  the  inequalities  (1),  (4), 
(5)  becomes  an  equality  iia  =  b  =  ,  .  ,  =  k,  ii  m  =  0,  or  ii  m  =  I. 

Example.  Show  that  ZXof",  considered  as  a  function  of  m,  increases  as  m 
increases  when  m  >  + 1,  and  decreases  as  m  increases  when  m<-l, 
\  /A,  y,  »  •  .,  X,  y,z,  ,  .  ,  heing  as  above. 

Ist.  Letm>l.  We  have  to  show  that  SXaj»»+*'>2Aaf»,  where  r  is  very 
small  and  positive,  that  is, 

2Xajm(a?'-l)>0. 
Now,  2Xaj^af  - 1)  >  SXaj«rar-i(a:  - 1), 

*  The  earliest  notice  of  this  theorem  with  which  we  are  acquainted  is  in 
Beynaud  and  Duhamel's  ProbUmes  et  D&vdopmens  sur  Diverses  Parties  des 
Math^naHques  (1823),  p.  156.  Its  surroundings  seem  to  indicate  that  it 
was  suggested  by  Cauchy's  theorem  of  §  8.  The  original  proof  rests  on  a 
maximum  or  minimum  theorem,  established  by  means  of  the  Differential 
Calculus;  and  the  elementary  proofs  hitherto  given  have  usually  involved 
the  use  of  infinite  series. 
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Since  «i>l,  m+r>l,  therefore  (m+r)«'*+^^a!-l)>(m+r) («-!),  that 
is,  aj«+*^i(aj-l)  >(«-!). 

Hence  2X«*»(a?'  - 1)  >  rX\{z  - 1), 

>r(2Xa:-2X), 
>0. 
Therefore  2XaJ«+^  >2Xaf». 

2nd.  Let  m<  - 1. 

2XaJ~(ar  - 1)  <rSXaJ^aj  - 1). 

Now  (f»*+ l)aJ*(aj-l)> (to +1)  («-!),  since  m+1  is  negative.     Hence, 
dividing  by  the  negative  quantity  m  +  1,  ve  have 

aj«(a:-l)<(a:-l). 
Hence  2XaJ~(«'  - 1)  <  r2X(a;  - 1), 

<r(2Xa:-2X), 
<0. 
Therefore,  2Xaj"H^'<2Xaf». 


Exercises  V.* 

(1. )  For  what  values  of  x/y  is  (a + h)xyl{ax + 6y)  ;^ (oo; + 6y)/(a + ft)  t 

(2.)  If  X,  y,  zhe  any  real  quantities,  and  x>y>2,  then  a^+2^2+2^> 
aBy*+y2*+asc*. 

(3.)  If  X,  y,  z  be  any  real  quantities,  then  ^{y-z){z-x)i^O  and  2^/ 
2a!^>l. 

(4.)  If  ai"+y"+2'+2a^=l,  then  will  all  or  none  of  the  quantities  «,  y,  « 
lie  between  - 1  and  + 1. 

(6.)  If  X  and  m  be  positive  integers,  show  that 

a*»^<a<aj+ 1)  (2jb+ 1)  (3ar»+ 3a;+ 1)^/2 . 8"»<(«+ 1)*'^^. 

(6.)  (a«/6)*+(6Va)*^a*+J*. 

(7.)  If  a;i,a^  .  .  .,  sen  all  have  the  same  sign,  andl+a;i,  l-^-xt, .  .  .,  1+Xn 
be  all  positive,  then 

n(l+aji)>l  +  2aji. 

(8.)  Prove  that  8ajy2>n(y  +  i8)^i2a:». 

(9.)  If  a;,  y,  z,  .  .  .,  a,  ft,  c  .  .  .  be  two  sets,  eacli  containing  n  real 
quantities  positive  or  negative,  show  that 

2a«2aj"^(2aa:)'; 
also  that,  if  all  the  quantities  be  positive, 

^xla)llx  ^  Toillax ; 
and,  if  2aj=  1,  21/fB <  n\ 

(10.)  U  xi,  Xi,  ,  ,  .,  Xn  and  also  yu  ysi  •  •  *»  ^n  be  positive  and  in 
ascending  or  in  descending  order  of  magnitude,  then 

2aJiVi/2aJiyi>2iBi72«i.  {Laplace,) 

*  Unless  the  contrary  is  stated,  all  letters  in  this  set  of  exercises  stand 
for  real  positive  quantities. 


Digitized  by 


Google 


uiv  EXERCISBS  V  51 

(11.)  If  a,  b,  .  .  ,,  ;  be  in  A. P.,  show  that 

(12.)  Forwliatvaluesofa;i8(a;-3)/(aj»+a;+l)>(iB-4)/(aj»-aj+l)f 
(IS.)  Find  the  limits  of  x  and  y  in  order  that 

e>ax+by>d, 
a>cx+dy>b; 
where  ad-be  ^0, 

{IL)  3fi-s^  +  4ajV  -  2«V  +  4«V  -  a^  +  y*  >  0,  for  all  real  values  of 
sand  y. 

(15.)  l8l0sB2+6j^  +  182»>  =  <8y2!+2ay+182aj? 

(16.)  Ifi>^2- V2,  then  \/{ix?+y')+P'^{xy)>x+y. 

(17.)  Is  V{a*+«*  +  ^)-V(a'-a5+^)>  =  <2V(aft)? 

(18. )  If  a;  and  a  be  positive,  between  what  limits  must  x  lie  in  order  that 
aj+a>  V{i(«"+a»+a*)}  +>/{*(«* -a» +«')}? 

(19.)  Ifa;<l,  then{a;+V(a^-l)}*+{aj-V(«*-l)}*<2. 

(20.)  If  all  the  three  quantities  y/ {a{b  +  c  -  a)}  ^  V{6(c+a-6)},  VWa+ 
6  -  c)}  be  real,  then  the  sum  of  any  two  is  greater  than  the  third. 

(21.)  If  the  sum  of  any  two  of  the  three  x,  y,  zhe  greater  than  the  third, 
then  t2aBSa^>2kc»+ajy2. 

(22.)  21/aj^2a^/xV2». 

(23.)  If  pr  denote  the  sum  of  the  products  r  at  a  time  of  a,  b,  c,  d  (each 
positive  and  <  1 ),  then  p^ + 2p^  >  2p^ 

(24.)  la^^xyz^x. 

(25.)  If  8=a  +  b+c+  ,  .  .n  terms,  then  2«/(«-a)-4:n7(n-l). 

(26.)  If  i»>l,  x<l,  andmaj<l+aj,  then  l/(1^7na;)>(l±aj)»>l±^/taj. 
If  m<l,  x<l,  7nx<l+x,  then  (1 +»;)/{ 1±(1  - »i)a;}  <(1±«)«< 

liflWL 

(27.)  If  2"=af»+y",  then  s*»>  <af**+2^  according  as  »»>  <w* 
(28.)  If  a?. and  y  be  unequal,  and  x+y<2cL,  then  af»+^>2a'*,  m  being  a 
positive  integer. 

(29.)  n{(n+l)i/«-l}<l  +  l/2+.  .  .  +l/n<7i{l -l/(w+l)W-+l/(n+l)}. 
(Schlomilch,  Zeitschr./,  Math,,  voL  iiL  p.  25.) 

(30.)  UxiX2  .  .  .  Xn=tr,  U{l+xi)<(l+y)\ 

(31.)  If  a,  &,  •  .  . ,  A;  be  n  positive  quantities  arranged  in  ascending  order 
of  magnitude,  and  if  Mr=  {2a'-/n}^'',  Nr=  {^a^^-y/n,  then 

(aft  .  .  .  Ar)V»<Mi<Mj<  .  .  .  <A;, 
(aJ  .  .  .  A;)V«<  .  .  .  <Ns<Na<Ni. 

(Schlomilch,  ZeUsehr./.  Math,,  vol.  iii.  p.  301.) 

(82.)  If^,  9,  r  be  all  unequal,  and  »+  1,  then  2pa;»-»'>2p. 
(83. )  If  n  be  integral,  and  x  and  n  each  >  1,  then 

aj«  - 1  >n{x^^i^  -  aj(»-i)/»). 

(34.)  Prove  for  x,  y,  2  that  (22y2-2aj«)^<(2a;)*^(2aj-2a?)«. 

(85.)  If  5=01+02+  .  .  .  +Oh,  thenII(ff/ar-l)^:K»-l)*. 
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(36.)  3m(3m+l)»>4(8wi!)i/«. 

(37.)  If  Sm  be  the  sum  of  the  nth  powers  of  01,03,.  .  . ,  On,  and  pm  the 
sum  of  their  products  m  at  a  time,  then  (n  -  l)!«m'*  (n  -  m)lmlpfn, 

(88.)  If  ai>a9>  ,  .  .  >an,  then 

(ai-a»)"-^>(n-l)«-i(ai-aj)  (02-03)  .  .  .  (On-i-o»). 

Hence,  or  otherwise,  show  that  {(n-l)!}*>n"-'. 

(39.)  Which  is  the  greatest  of  the  numbers  ^2,  ^8,  ^4,  .  .  .  ? 

(40.)  If  there  be  n  positive  quantities  Xi,  »i,  .  .  .,  x^,  each>l,  and  if 
^ii  &,  •  •  M  ^n  be  the  arithmetic  means,  or  the  geometric  means,  of  all  but 
aji,  all  but  aja,  .  .  . ,  all  but  avi,  then  Hxi^^  *-n$i*>. 

(41.)  If  o,  b,  c  be  such  that  the  sum  of  any  two  is  greater  than  the  third, 
and  X,  y,  z  such  that  Zx  is  positive,  then,  if  Xayx=0,  show  that  xyz  ia 
negative. 

(42.)  If  A=Oi  +  aj+.  .  .  +o»,  B  =  6i  +  &2+.  .  •  +61.,  then  2(Or/A- 
brfB)  (ti^hr)^  has  the  same  sign  as  n  for  all  finite  values  of  n. 

(Math.  Trip.,  1870.) 


APPLICATIONS  TO  THE  THEORY  OF  MAXIMA  AND  MINIMA. 

§  10.]  The  general  nature  of  the  connection  between  the 
theory  of  maxima  and  minima  and  the  theory  of  inequalities 
may  be  illustrated  as  follows  : — Let  </>(a;,  y,  z),  f(x,  y,  z)  be  any 
two  functions  of  x,  y,  z,  and  suppose  that  for  all  values  con- 
sistent with  the  condition 

f{x,y,z)  =  k  (1), 

we  have  the  inequality 

</<^  y,  ^)>/(«,  y,  ^)  '    (2). 

If  we  can  find  values  of  x^  y,  z,  B&y  a,  b,  c,  which  satisfy  the 
equation  (1)  and  at  the  same  time  make  the  inequality  (2)  an 
equality,  then  </)(a^  6,  c)  is  a  maximum  value  of  <f){3^  y,  z).  For,  by 
hypothesis,  </)(a,  6,  c)  =  A  and  <^x,  y,  ;8;):^A;  therefore  <t)(x,  y,  z) 
cannot^  for  the  values  of  a;,  y,  z  considered,  be  greater  than  A, 
that  is,  than  <^(a,  ft,  c). 

Again,  if  we  consider  all  values  olx^  y,z  for  which 

<i<x,y,z)  =  k  (1'), 

if  we  have  /(^^  y.  «)'<^a^  y>  «) 

it  follows  in  like  manner  that,  if  a,  ft,  c  be  such  that  <^(i,  ft,  c)  =  A, 
/(a,  6,  c)  =  A,  then/(aj  ft,  c)  is  a  minimum  value  of /(«,  y,  z). 
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The  reasoning  is,  of  course,  not  restricted  to  the  case  of  three 
variables,  although  for  the  sake  of  brevity  we  have  spoken  of 
only  three.  The  nature  of  this  method  for  finding  turning 
values  may  be  described  by  saying  that  such  values  arise  from 
exceptional  or  limiting  cases  of  an  inequality. 

§  11.]  The  reader  cannot  fail  to  be  struck  by  the  reciprocal 
character  of  the  two  theorems  deduced  in  last  section  from  the 
same  inequality.  The  general  character  of  this  reciprocity  will 
be  made  clear  by  the  following  useful  general  theorem : — 

If  fcfr  all  values  of  z,  y,  Zy  consistent  with  the  condition 

My,  ^)  =  A, 

<^(^  Vf  ^)  A^w  ^  maximum  value  <l)(a,  6,  c)  =  B  say  (where  B  defends, 
of  course^  upon  A),  and  if  when  A  increases  B  also  increases^  and 
vice  versa,  then  for  all  values  of  x,  y,  Zy  consistent  with  the  condition 

<l>{^,  y, «)  =  B, 
f{x,  y,  z)  will  have  a  minimum  value  /(a,  J,  c)  =  A. 

Proof — Let  A'< A,  then,  by  hypothesis,  when  /(«,  y,  z)  =  A', 
<K^7  y>  ^)>B'  where  B'<B. 

Hence,  if  <^(a;,  y,  z)  =  B,  /(«,  y,  ;3;)<t  A ;  for  suppose  if  possible 
that/(ic,  y,  0)  =  A'<A,  then  we  should  have  <t>{x,  y,  «f)>B',  that 
is,  since  B'<B,  <f)(Xy  y,  z)  could  not  be  equal  to  B  as  required. 
Hence,  if  a,  6,  c  be  such  that  <^(a,  b,  c)  =  B  and  /(a,  6,  c)  =  A, 
/(a,  by  c)  is  a  minimum  value  of /(a:,  y,  z). 

By  means  of  the  two  general  theorems  just  proved,  we  can 
deduce  the  solution  of  a  large  number  of  maximum  and  minimum 
problems  from  the  inequalities  established  in  the  present  chapter. 

§  12.]  From  the  theorem  of  §  8  we  deduce  immediately  the 
two  following : — 

LIfx,y,Zy.,,be  n  positive  guantities  subject  to  the  condition 

then  their  product  liz  has  a  maaimvm  value y  (k/n)^,  when  x  =  y  = 
.  .  ,  =  k/n. 

ILIfXyyyZy...ben  positive  guantities  subject  to  the  con- 


dition 


IIaj  =  *, 


Digitized  by 


Google 


54  DEDUCTIONS  PROM  §  8  chap. 

then  Omr  sum  Ix  has  a  minimum  vaivSy  nl^^^y  when  z  =  y=  .  .  . 

The  second  of  these  might  be  deduced  from  the  first  by  the 
reciprocity-theorem. 

From  the  corollary  in  §  8  we  deduce  the  following  : — 

III.  If  X,  y,  z,  .  .  .  be  n  positive  quantities  subject  to  the  con- 
dition 

where  p,  q,  r,  .  . .  are  all  positive  constants,  then  ILx^  has  a  maximum 
value,  {k/lp}^,  when  x  =  y=  .  .  .  =  kf2p. 

IV.  If  X,  y,  z,  .  .  .  be  n  positive  quantities  subject  to  the  restric- 
tion 

where  p,  q,  r,  ,  .  ,  are  all  positive  constaivts,  then  ^px  has  a  minimum 
value,  (2p)^^/^,  when  «  =  y  =  .  .  .  =  k^f^. 

From  the  last  pair  we  can  deduce  the  following,  which  are 
still  more  general : — 

Y,  If  \,  fi,  V,  .  .  . ,  I,  m,  rh,  ,  ,  , ,  p,  q,  r,  .  ,  ,  be  all  positive 
constants,  and  z,  y,  z,  .  .  .  be  all  positive,  then  if 

2Xaf  =  k, 
JIx^  is  a  maximum  when 

lX2f/p  =  mfj.'f*/q  =  nv:s^lr=  .  .  . 

VI.  And  if  UxP=^k, 

2Aaj'  is  a  mininmm  when 

lXjif/p  =  mfjLy^/q  =  nvi!^lr=  .  .  . 

Proo/.— Denote  p/l,  qjm,  r/n,  .  .  .  hy  a,  p,  y,  .  ,  . ; 
and  let  Aa:*  =  a^,      /i^  =  firj,    v^  =  y^  &c. 

So  that  X  =  {a$/ky^  &c. ;     xp  =  (o^/A)-  &c. 

We  then  have  in  the  first  case 

2a^  =  ^  (1), 

IIri'  =  n(a/A)*nf*  (2). 

Hence,  since  (a/A)»,  OS/jn)^,  ...  are  all  constant  and  all  positive, 
ILxP  is  a  maximum  when  U^*  is  a  maximum.  Now,  under  the 
condition  (1),  U^  is  a  maximum  when  ^  =  rf=  ,  ,  .  =  i/2a. 
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Hence  Ila^  is  a  maximum  when  Xafja  =  fif/^/P  =  .  .  .,  that  is, 
when  lXixf/p  =  mfj.f/^/q=  .  .  . 

The  maximum  value  of  ILc^  is  n(a/X)«(A;/2a)^,  and  the 
corresponding  values  of  Xy  if,  z,  ,  .  .  are  given  by 

x=(ak/x:2ayi^ ... 

Applying  the  reciprocity-theorem,  we  see  that,  if 
UxP  =  n{a[\Y(kf2a)^y 
the  minimum  value  of  2Xaf  is  k,  corresponding  to 
z  =  {aklX2ayi^  .  .  . 
Whence,  putting  ;  =  U{a/kY{kf2a)^,  we  see  that^  if  Uxp  =;, 
the  minimum  value  of  ^Xaf  is  2a{y/n(a/X)»}^/^,  corresponding 

a;  =  [a{7/n(«A)"P'^A?".  •  . 

Cor.  If  we  put  l=^m  =  n=  .  .  .  =1,  p  =  gf  =  r=.  .  .  =1, 
we  obtain  the  following  particular  cases,  which  are  of  frequent 
occurrence : — 

If  2Aa;  ^k^Uxis  a  maximum  when  Aaj  =  jny  =  .  .  . ; 

lfllx  =  ky  ^Xx  is  a  minimum  when  Xx  =  fiy=  .  .  . 

Example  1.  The  cube  is  the  rectangular  parallelopiped  of  maximum 
volume  for  given  surface,  and  of  minimum  surface  for  given  volume. 

If  we  denote  the  lengths  of  three  adjacent  edges  of  a  rectangular  parallelo- 
piped by  X,  y,  z,  its  surface  is  2{yz+zx+xy)  and  its  volume  is  xyz.  If  we 
put  ^=y2,  i?=aB,  ^=25^1  the  surface  is  2(f+i7  +  0  and  the  volume  V{^f)« 
Hence,  analytically  considered,  the  problem  is  to  make  (17^  a  maximum  when 
{ + 17  +  ^  is  given,  and  to  make  |  + 17 + ^  a  minimum  when  ^17^  is  given.  This, 
byTh.  I.,  is  done  in  either  case  by  making  ^=17=^,  that  is,  yz=zx—xy; 
whence  x=y=z. 

Example  2.  The  equilateral  triangle  has  maximum  area  for  given  peri- 
meter, and  minimum  perimeter  for  given  area. 

The  area  is  A=V«(s-a)(»-6)(*-c).  Let  x=8-a,  y=8-b,  z=8-c; 
then  iB+y +«=:< ;  and  the  area  is  ^sxyz,  Since,  in  the  first  place,  a  is  given, 
we  have  merely  to  make  xyz  a  maximum  subject  to  the  condition  x+y+z=8. 
This  leads  to  x=y=z  (by  Th.  I.) 

Next,  let  A  be  given. 
Then  {x+y+z)xyz=A*  (1); 

8=£i^lxyz  (2). 

If  we  put  i=ii^yZf  •n=xy%  f=JBy2*,  we  have 

«=AV(enO^*  (2'). 
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Hence,  to  make  a  a  minimum  when  A  is  given,  we  have  to  make  $17^  a  maxi- 
mum, subject  to  the  condition  (!')•  This  leads  to  ^=17=^,  that  is,  as^z= 
xj^=xys^;  whence  a: =y =2. 

Example  8.  To  construct  a  right  circular  cylinder  of  given  volume  and 
minimum  total  surface. 

Let  X  be  the  radius  of  the  ends,  and  y  the  height  of  the  cylinder.  The 
total  surface  is  2ir{a^+xy)f  and  the  volume  is  irxh/. 

We  have,  therefore,  to  make  u=o^+xy  a  minimum,  subject  to  the  con- 
dition a?y=e»    We  have 

u=7?-\-xy=cly  +  clx  (1); 

a!V=c  (2). 

Let  l/a:=2f,    l/y=,7; 

then  u=c(^->tri)  (!'); 

?^=l/4c  (2'). 

We  have  now  to  make  2^+17  (that  is,  ^+(+17)  a  minimum,  subject  to  the 
condition  ^=  constant.  This,  by  Th.  II.,  leads  to  ^=1=17,  which  gives 
2x=^y,    Hence  the  height  of  the  cylinder  is  equal  to  its  diameter. 

By  the  reciprocity  theorem  (applied  to  the  problem  as  originally  stated  in 
terms  of  a;  and  y),  it  is  obvious  that  a  cylinder  of  this  shape  also  has  maximum 
volume  for  given  total  surface. 

§  13.]  From  the  inequality  of  §  9  we  infer  the  following : — 
VII.  If  m  do  not  lie  bettoeen  0  and  +  1,  and  ifpy  q,r,  ,  .  .  be  ail 

constant  and  positive,  then,  for  all  positive  values  ofz,y,z,  .  .  .  such 

that 

^px  =  k, 

Spa;**  (m  unchanged)  has  a  minimum  value  wlien  x  =  y  =  z=^  ,  .  . 

If  m  lie  between  0  and  +  1,  instead  of  a  minimum  we  have  a 
m^aximum. 

In  stating  the  reciprocal  theorem  it  is  necessary  to  notice 
that,  in  the  inequality,  'Zpx  occurs  raised  to  the  mth  power ;  so 
that,  if  m  be  negative,  a  maximum  of  Hpx  corresponds  to  a  mini- 
mum of  (Spa;)*".     Attending  to  this  pointy  we  see  that — 

Vin.  If  m>  +1,  and  if  p,  q,  r,  .  ,  ,  be  all  constant  and  posi- 
tive, then,  for  ail  positive  values  of  x,  y,  z,  ,  .  ,  such  that 

Ipoif^  =  k  {m  unchanged), 

'Zpx  has  a  m^mmum  value  when  x  =  y  =  z=  .  .  . 

If  m<  -vljwe  have  a  minimum  instead  of  a  maximum^ 
Theorem  VIII.  might  also  be  deduced  from  Theorem  VII.  by 

the  substitution  ^  =  «**,?/  =  ^,  f  =  2^,  &c.  .  .  . 
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§  14.]  Theorem  VII.  may  be  generalised  by  a  slight  trans- 
formation into  the  following : — 

IX.  If  m\n  do  not  lie  between  0  and  +'  1,  and  if  p,  q^  r^  >  »  -, 
X,  fjL,Vf  .  .  .  be  all  constant  and  positive,  then,  for  all  positive  values 
of  X,  y,  z,  .  .  ,  such  thai 

•    2Aa^  =  k  {n  unchanged), 
Ipx^  (m   unchanged)  has  a  minimum   value    when  px^/kjf^  = 
q!r/H'tr=  .  .  . 

If  mjn  lie  between  0  and  +  1,  instead  of  a  minimum  we  have  a 
maximwm. 

The  transformation  in  qnestion  is  as  follows  :^- 
Let  >^  =  p$y      fiy^'^crq  (1), 

p^=p$^,  sr=v  (2). 

.  From  the  first  two  equations  in  (1)  and  (2)  we  deduce 
f/-i  =  p^-w/A,  f/'^  =  ^/x^^'^/p,  &C.  Hence,  if  we  take  fn  =  m, 
that  IB,  f  =  m/n,  p,  a-,  .  .  ,  will  be  all  constant  and  obviously  all 
positive ;  we  have,  in  fact, 

f  =  (p!«-«/X)V(/-i),     r,  =  {qr--l^.yi^--^\  .  .  .   (3), 
p  =  {^/py'<^-'\  ^  =  {i>.flqW-^  .  .  .         (4); 

and  we  have  now  to  make  ^p^f  a  maximum  or  minimum,  subject 
to  the*  condition 

2/5^  =  A;. 

Now,  by  TL  VII.,  2^^-^  is  a  minimum  or  maximum,  according 
as  /  does  not  or  does  lie  between  0  and  +  1,  when  ^  =  ?/  = .  .  . 
Thus  the  conditions  for  a  turning  value  are 

(^m-»/x)i/(/-i)  =  (^-»/^)i/(/-i)=  .  .  ., 

which  lead  at  once  to 

px^/Xz^  =  qf^/fi^  =  .  .  . 

Cor.  A  very  common  case  is  that  where  n=l,  X  =  fi=  ,  ,  . 
=  1. 

We  then  have,  subject  to  the  condition  lx  =  k,  2pa^,  a  mini- 
mum or  maximum  when  paf^"^  =  qi/^~^  =  .  .  .,  according  as  m 
does  not  or  does  lie  between  0  and  +  I. 

§  15.]  We  have  hitherto  restricted  i?,  S^,  ^,  .  .  .  in  the  in- 
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equality  of  §  9  to  be  constant.  This  is  unnecessary ;  they  may 
be  functions  of  the  variables,  provided  they  be  such  that  l^ey 
remain  positive  for  all  positive  values  of  z,  y,  z. 

We  therefore  have  the  following  theorem  land  its  reciprocal 
(the  last  omitted  for  brevity) : — 

X.  i/  i>,  S',  r,  .  .  .  be  functions  of  x^  y,  z,  »  .  .  which  are  real 
and  positive  for  all  real  and  positive  values  qfx^y^z,  .  .  . ,  then^  for 
all  positive  values  of  «,  y,  0,  .  .  .  which  satisfy 

l.px  =  k, 

(2pa^)  (^p)^-^  (m  unchanged)  has  a  minimum  or  maximum  value 
when  x  =  y=  .  .  .  ,  according  as  m  does  not  or  does  lis  between 
0  and  +  1 . 

For  example,  we  may  obviously  put  p=\s^y  ^=/*y*>  •  .  • 

We  thus  deduce  that  if  m>  +1  or  <0,  then,  for  all  positive  values  of 

a5,y,  2,  .  .  .  consistent  with  2Xa»+i=^,  (2XaJ«+*)  (2Xje")"*-*  is  a  minimum 

when  x=y=  .  .  . 

Theorem  X.  may  again  be  transformed  into  others  in  appear- 
ance more  general,  by  methods  which  the  student  will  readily 
divine  after  the  illustrations  abready  given. 

Also  the  inequalities  of  §  8  may  be  used  to  deduce  maxima 

and  minima  theorems  in  the  same  way  as  those  of  §  9  were  used 

in  the  proof  of  Theorem  X. 

Example  1.  To  find  the  minimum  value  of  u=x+y-\-z,  subject  to  the 
conditions  ajx-k-hly+cfz^ilf  x^O,  y>Of  z>Of  a,  b,  e  being  positive  constants. 

Let  x=p^^,    y=<ni^,    2=Ti'-^; 

alx=p^,   hly=<ni,  cIz=tI;. 
Hence  p^-*=fl//a:^+^     If  we  take/=  - 1,  we  therefore  get 
aj= Vof-^     y=\/hrr\     2=  ^Jct-^  ; 
ajx  =  V^i      hf  =  V^»      ^  =  V^J^' 
The  problem  now  is  to  make  u  =  2\/a^-^  a  minimum  subject  to  the  con- 
dition SV«f=l'     By  Th.  VII.  this  is  accomplished  by  making  {=i;=f. 
Hence    { =  17  =  f  =  1/S V«»      The    minimum    value   required   is   therefoito 
(2 V^)^ ;  the  corresponding  values  of  Xj  y,  z  are  V^V^»  ^Jb'L\Ja^  \/cZ*^a 
respectively. 

Example  2.  To  find  a  point  within  a  triangle  such  that  the  sum  of  the 
mth  powers  of  its  distances  from  the  sides  shall  be  a  minimum  (m>  1). 

Let  a,h,chQ  the  sides,  x,  y,  z  the  three  distances  ;  then  we  have  to  make 
i«=2af*  a  minimum,  subject  to  the  condition  2aa;=2A,  where  A  is  the  area 
of  the  triangle. 
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If/»^=af*,  p^=aXf  then  p'»~^=a*»»,  p=a*>»/(«»-i). 

Hence,  if  we  put  aa;=a'»/t"*-^)f,  &y=6*»/(»*-i)i7,  (»=c"'/(«-^)f,  we  have 

The  solution  is  therefore  given  by  ^=iy=i'=2A/2a*»/<'»-^). 
Whence  a;=2AaV(«*-i)/2a«/<«»-i>,    y=&c.,    a=&c 

Example  8.  Show  that,  if  a?+y*+.«*=3,  then  (sB*+y»+2!*)  (a?+y'  +  «*)  haa 
a  minimum  value  for  all  positive  values  of  x^y^z  when  x=y=z=l. 

This  follows  from  Th.  X.,  if  we  put  m=2,|?=a:*,  q=y^,  r^^^  which  is 
legitimate  since  sc,  y,  z  are  all  positive. 

Example  4.  If  a^  ^,  s,  .  .  .  be  7t  positive  quantities,  and  m  do  not  lie 

between  0  and  1,  show  that  the  least  possible  value  of  (2aj**"^)  (ZI/k)**-*  is  n«». 

This  follows  at  once  from  the  inequality  of  §  9,  if  we  put  p=yx, 

q=Vy.  ... 

§  16.]  The  field  of  application  of  some  of  the  foregoing 
theorems  can  be  greatly  extended  by  the  use  of  undetermined 
multipliers  in  a  manner  indicated  by  Grillet* 

Suppose,  for  example,  it  were  required  to  discuss  the  turning 
values  of  the  function 

u^(ax+  py{bx  +  qy^{cz  +  r)**  (1 ), 

where  ly  m,  n  axe  all  positive. 
We  may  write 

u  =  {Xax  +  kpfijihx  +  ixqy^{vcx  +  vr)^/X}fi^v^         (2), 

where  X,  /i,  v  are  three  arbitrary  quantities,  which  we  may  sub- 
ject to  any  three  conditions  we  please. 
Let  the  first  condition  be 

l\a  +  mfjJb  +  Tivc  =  0  (3) ; 

then  we  have 

l{\ax  +  Xp)  +  m(fJ)x  +  fjq)  +  n{vcx  +  vr) 

=  Ikp  +  nifjq  +  nvr  =  k  (4), 

where  h  is  an  arbitrary  positive  constant. 

This  being  so,  we  see  by  Th.  III.  that  lI{Xax  +  kpY  is  a 
maximum  when 

kax  +  Xp  =  fjjbx  ■\-  fjq  =  vcx  +  vr 

=  ifc/2/  (5). 

*  Nouvelles  Annalea  de  Math,,  ser.  i,  tt.  9,  16. 
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The  four  equations  (3)  and  (5)  are  not  more  than  sufficient 
to  exhaust  the  three  conditions  on  A,  /i,  v,  and  to  determine  x. 

We  can  easily  determine  z  by  itself.  In  fact,  from  (3)  and 
(5)  we  deduce  at  once 

la/ {ax  +p)  +  mbl{bx  +  q)  +  nc/{cx  +  r)  =  0  (6). 

This  quadratic  gives  two  values  for  x,  say  x^  and  x,  j  ^^d  the 
equations  (5)  give  two  corresponding  sets  of  values  for  A,  /i,  v, 
in  terms  of  k,  say  Ai,  fii,  vi  and  A,,  /x„  Vg. 

If,  then,  Aj'fii'^jvi**  be  positive,  x^  will  correspond  to  a  maxi- 
mum value  ot  u;  if  K^fM^^Vi^  be  negative,  Xi  will  correspond  to 
a  minimum  value  of  u ;  and  the  like  for  x. 

Example  1.  To  discuss  u={x+Z)^(x-S). 
We  have  u={\x+ ZXf(fix  -  3m)AV 

Now  2(Xa;+ 3X)  +  {/jix-  3^)=*, 

provided  2\+m=0  (1), 

6\-Zfi=k  (2). 

Therefore  (Xa;+8X)*(/iaj-  3/*)  will  be  a  maximum,  provided 

\x+S\=^fix-Sfi  (3). 

Hence,  by  (1), 

2/(aj+3)  +  l/(a;-3)=0; 

which  gives  a;=l.  From  (2)  and  (3)  we  deduce  X=A;/12,  fjL^-k/6;  so  that 
XV  is  negative. 

We  therefore  conclude  that  w  is  a  minimum  when  a;=l. 

The  student  should  trace  the  graph  of  the  function  u ;  he  will  thus  find 
that  it  ^has  also  a  maximum,  value,  corresponding  to  2;=  -  3,  of  which  this 
method  gives  no  account. 

Example  2.  For  what  values  of  x  and  y  is 

w=(aia5+%+ci)2+{afl^+62y+C2)'+ .  .  .  +(a„a;+&«y+c„)« 
a  minimum  ? 

Let  Xi,  Xsy  .  .  . ,  X„  be  undetermined  multipliers.    Then  we  may  write 

t4=2Xi«{(aia;  +  &iy+Ci)/Xi}«  (1) ; 

and  k=:X\i^{{aiX+hy-\-ci)/\i}  (2), 

where  A:  is  an  arbitrary  positive  constant,  that  is,  independent  of  x  and  y, 
provided 

2aiXi=0,    2»iXi=0,    2ciXi=;fc  (3). 

This  being  so,  by  Th.  YII.,  u  is  a  minimum  when 

(aiaj+&iy+ci)/Xi=(aaa;+62y+ca)/Xa=  .  .  .  =A:/2Xi'  (4). 

Then +  2  equations,  (3)  and  (4),  just  suffice  for  the  determination  of 
Xi,  Xs,  .  .  .,  X«,  X,  y. 

From  the  first  two  of  (3),  and  from  (4),  we  deduce 
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2ai(aiar + &iy + ci)  =  0, 
Xbi{aiZ  +  biy  +  Ci)  =  0, 
Hence  the  values  of  x  and  y  corresponding  to  the  minimum  value  of  n  are 
given  by  the  system 

Sai^a;  +  ^atbjy + Za^e^ = 0, 
ZojbiX + lify  +  26jCi  =  0. 
This  is  the  solution  of  a  well-known  problem  in  the  Theory  of  Errors  of 
Observation. 

§  17.  Method  of  Increments, — Following  the  method  already 
exemplified  in  the  case  of  a  function  of  one  variable,  we  may 
define 

I  =  </<a;  +  A,  y  +  fc,  ^  +  0  -  <K^  y,  ^) 
as  the  increment  of  <^a;,  y, z).     If,  when  x  =  a,  y^b^z^^c^  the 
value  of  I   be   negative  for  all  small  values  ot  h^  k,  l,  then 
^o,  b,  c)  is  a  maximum  value  of  <f)(x,  y,  z) ;  and  if,  under  like 
circumstances,  I  be  positive,  </>(a,  5,  c)  is  a  minimum  value  of 

^^  y,  4 

Owing  to  the  greater  manifoldness  of  the  variation,  the  ex- 
amination of  the  sign  of  the  increment  when  there  are  more 
variables  than  one  is  often  a  matter  of  considerable  difficulty; 
and  any  general  theory  of  the  subject  can  scarcely  be  established 
without  the  use  of  the  infinitesimal  calculus. 

We  may,  however,  illustrate  the  method  by  establishing  a 
case  of  the  following  general  theorem,  which  includes  some  of 
those  stated  above  as  particular  cases. 

Purkiss's  Theorem.* — If  4>{^  y>  ^j  •  •  •)  f{^  y>  ^>  •  •  •)  be  symr 
metric  functions  of  x^y^z^  .  .  . ,  and  if  x^y,z^  .  .  .  be  subject  to  an 
equation  of  the  form 

fi^y^z,  .  .  .)  =  o  (1), 

O^en  <f}{xy  y,z,  .  ,  .)  has  in  general  a  turning  value  when  x  =  y  =  z 
=  .  .  .  ,  provided  these  conditions  be  not  inconsistent  with  the 
equation  (1). 

In  our  proof  we  shall  suppose  that  there  are  only  three 
variables ;  and  so  far  as  that  is  concerned  it  will  be  obvious  that 
there  is  no  loss  of  generality.     But  we  shall  also  suppose  both 

*  Given  with  inadequate  demonstration  in  the  Oxford,  Cambridge,  and 
Dublin  Messenger  of  MatheincUics,  vol.  L  (1862), 
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<l)(x,  y^  z)  and  f{x^  y^z)  to  be  integral  functions,  and  this  sapposi- 
tion,  although  it  restricts  the  generality  of  the  proof,  renders  it 
amenable  to  elementary  treatment. 

We  remark,  in  the  first  place,  that  the  conditions 

x  =  y  =  z3,ndf{z,y,z)==0 

are  in  general  just  sufficient  to  determine  a  set  of  values  for  x,  y,  z. 
In  fact,  if  the  common  value  oix^y,  zhe  a^  then  a  will  be  a  root 
of  the  equation  /(a,  a,  a)  =  0. 
Consider  the  functions 

I  =  <f>(a  +  A,  a  +  kf  a  +  l)-  <t){a,  a,  a),  and  f{a  +  A,  a  +  ^,  a  +  /). 

Each  of  them  is  evidently  a  symmetric  function  of  A,  k,  I,  and 
can  therefore  be  expanded  as  an  integral  function  of  the  element- 
ary symmetric  functions  2A,  '2hk,  hJcl,  We  observe  also  that, 
since  each  of  the  functions  vanishes  when  h  =  0,  k==Oy  1  =  0, 
there  will  be  no  term  independent  of  ^  k,  I. 

Let  us  now  suppose  A,  ^,  Z  to  be  finite  multiples  of  the  same 
very  small  quantity  r,  say  k  =  ar,  k  =  /ir,  1  =  yr.  Then  'Zh  =  r2a 
=  ru  say,  2/ii  =  r*2)a^  =  r%,  hkl  =  r^w.  Expanding  as  above  in- 
dicated, and  remembering  that  by  the  conditions  of  our  problem 
f{a  +  A,  a  +  ky  a  +  /)  =  0,  we  have,  if  we  an-ange  according  to 
powers  of  r, 

I  =  Awr  +  (Bt*"  +  Cvy  +  &C.  (1 ), 

0  =  Pwr  +  (Qw'  +  Rv)7'  +  &c  (2), 

where  the  &c.  stands  for  terms  involving  r'  and  higher  powers. 
From  (2)  we  have 

ur=  -  (Qw*  +  Kt;)?-7P  +  &c., 
uV  =  0  +  &c., 
22a/3/  =  -  2aV  +  &c., 

&c.  as  before  including  powers  of  r  not  under  the  3rd. 

Hence,  substituting  in  (1)  and  writing  out  only  such  terms 
as  contain  no  higher  power  of  r  than  r*,  we  have 

1  =  (C-AR/PX  +  &c., 

=  -ir'(C-AR/P)2a'  +  &c. 
Now  (see  chap,  xv.,  §  10),  by  taking  r  sufficiently  small,  we 
may  cause  the  first  term  on  the  right  to  dominate  the  sign  of  I. 
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Hence  I  will  be  negative  or  positive  according  as  (GP  -  AB)/P  is 

positive  or  negative ;  that  is,  ^a,  a,  a)  will  be  a  maximum  or 

minimum  according  as  (GP  -  AK)/P  is  positive  or  negative. 

Example.  DisciiBS  the  turning  yalnes  of  fp(x,  y,  z)=xyz+b(yz+zx+xy), 
subject  to  the  condition  3i?+y^+s?= 8a^. 
The  system 

has  the  two  solutions  x=y=z=  dba. 

If  we  take  x=y=z=+a,  we  find,  after  expanding  as  above  indicated, 

I=(a«+2aft)Mr  +  (a+6)wS+&c, 
0  =  2ottr+(tt'-2«)r*. 

In  this  case,  therefore,  A=a>+2ad,  C=a+(,  P=2a,  R=  -  2 ;  and  (CP- AR)/ 
P=2a+3*. 

Hence,  when  x—y=z=+ct,.4>ia%  maximum  or  a  minimum  according  as 
2a  +  8(  is  positive  or  negative. 

In  like  manner,  we  see  that,  when  x=y=z=  -a,  4>  is  a  maximum  or  a 
minimum  according  as  -2a  +  fibia  positive  or  negative. 


Exercises  VI.* 

(1.)  Find  the  minimum  value  of  bcx+eay+ahz  when  xyz^abe, 
(2. )  Find  the  maximum  value  of  xyz  when  sc^/a* + y^it^  +  z^/^  =  1. 
(3.)  If  Za^=e,  Xlx  is  a  maximum  when  x:y:z:,..=l:m:n:.,, 
(4.)  Find  the  turning  values  of  Xaf^^+ztty^+va^,  subject  to  the  condition 
p9fi+qy^+rafi=d, 

(6.)  Find  the  turning  values  ofaxP+by+esf  when  xyz=cP, 

(6.)  If  xyz=a\x+y+z)y  then  yz-^zx+xy  ia  a  minimum  when  x=y=z= 

(7.)  Find  the  turning  values  of  (x+Q(y +m)  (z+»)  where  a*bif<f=d. 

(8. )  Find  the  minimum  value  of  aaf^  +  6/aj«. 

(9. )  Find  the  turning  values  of  (Zx  -  2)  (a;  -  2)^x  -  3)*. 

(10. )  If  ex{b  -y)= ay{c  -z)= bz{a  -  x),  find  the  maximum  value  of  each. 

(11.)  Find  the  turning  values  of  af^/y^  (m>»),  subject  to  the  condition 
x-y=^e,    (Bonnet,  Nouv.  Ann,,  ser.  L,  t.  2.) 

(12.)  If  a^+sfiyp=a,  then  aM^+y^  has  a  minimum  value  when  a:=y= 
(o/2)V<J^J ;  and,  in  general,  if  2aj*'y«=a,  2a:'+«  has  a  minimum  value,  al{n  - 1), 
when«=y=2=.  .  .  =  {al(n-l)n}^Ii^^\  Discuss  specially  the  case  where 
p  and  q  have  opposite  signs. 

(18.)  l{x'^+s^y'=e,  then  sc'y"  is  a  maximum  when  xP-^l(ru-st)=y*'^l 
(qt-pu),  the  denominators,  ru-st  and  qt-pu,  being  assumed  to  have  the 
same  sign.     (Desboves,  Questions  d^Alg^bre,  p.  455.     Paris,  1878.) 

*  Here,  unless  the  contrary  is  indicated,  all  letters  denote  positive 
quantities. 
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(14.)  If  p>q,  and  xP+i/P=a»,  then  sfi+y  is  a  minimum  when  aj=y= 
a/2*/i».     State  the  reciprocal  theorem. 

(16.)  Find  the  turning  values  of  [aa^  +  by^)l\/(ah?  +  bh/^  when  aj2+y=l. 

(16.)  U  xi,  x^,  ,  .  .  ,Xnhe  each  >a,  and  such  that  (a^-a)(a^~a)  .  .  . 
{Xn-a)=i^,  the  least  value  of  Xix^  ...  a:^  is  (a +  6)",  a  and  &  heing  both 
positive. 

(17. )  If /(m)  denote  the  greatest  product  that  can  be  formed  with  n  integers 
whose  sum  is  w,  show  that /^7»  +  i)//(m)=l  +  l/y  where  q  is  the  integral 
part  of  m/n, 

(18.)  ABCD  is  a  rectangle,  APQ  meets  BC  in  P,  and  DC  produced  in  Q. 
Find  the  position  of  APQ  when  the  sum  of  the  areas  ABP,  PCQ  is  a  minimum. 

(19. )  O  is  a  given  point  within  a  circle,  and  POQ  and  ROS  are  two  per- 
pendicular chords.  Find  the  position  of  the  chords  when  the  area  of  the 
quadrilateral  PRQS  is  a  maximum  or  a  minimum. 

(20.)  Two  given  circles  meet  orthogonally  at  A.  PAQ  meets  the  circles  in 
P  and  Q  respectively.  Find  the  position  of  PAQ  when  PA,  AQ  is  a  maximum 
or  minimum. 

(21.)  To  inscribe  in  a  given  sphere  the  right  circular  cone  of  maximum 
volume. 

(22.)  To  circumscribe  about  a  given  sphere  the  right  circular  cone  of 
minimum  volume. 

(23.)  Given  one  of  the  parallel  sides  and  also  the  non-parallel  sides  of  an 
isosceles  trapezium,  to  find  the  fourth  side  in  order  that  its  area  may  be  a 
maximum. 

(24. )  To  draw  a  line  through  the  vertex  of  a  given  triangle,  such  that  the 
sum  of  the  projections  upon  it  of  the  two  sides  which  meet  in  that  vertex 
shall  be  a  maximum. 
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CHAPTER    XXV. 
limits. 

§  1.]  In  laying  down  the  fundamental  principles  of  algebra, 
it  was  necessary,  at  the  very  beginning,  to  admit  certain  limiting 
cases  of  the  operations.  Other  cases  of  a  similar  kind  appeared 
in  the  development  of  the  science;  and  several  of  them  were 
discussed  in  chap.  xv.  In  most  of  these  cases,  however,  there 
was  little  difSculty  in  arriving  at  an  appropriate  interpretation ; 
others,  in  which  a  difficulty  did  arise,  were  postponed  for  future 
consideration.  In  the  present  chapter  we  propose  to  deal 
specially  with  these  critical  cases  of  algebraical  operation,  to 
which  the  generic  name  of  "Indeterminate  Forms"  has  been 
given.  The  subject  is  one  of  the  highest  importance,  inasmuch 
as  it  forms  the  basis  of  two  of  the  most  extensive  branches 
of  modern  mathematics — namely,  the  Differential  Calculus 
and  the  Theory  of  Infinite  Series  (including  from  one  point 
of  view  the  Integral  Calculus).  It  is  too  much  the  habit 
in  English  courses  to  postpone  the  thorough  discussion  of  in- 
determinate forms  until  the  student  has  mastered  the  notation 
of  the  differential  calculus.  This,  for  several  reasons,  is  a 
mistake.  In  the  first  place,  the  definition  of  a  differential 
coefficient  involves  the  evaluation  of  an  indeterminate  form ; 
and  no  one  can  make  intelligent  applications  of  the  differential 
calculus  who  is  not  familiar  beforehand  with  the  notion  of  a 
limit.  Again,  the  methods  of  the  differential  calculus  for  evalu- 
ating indeterminate  forms  are  often  less  effective  than  the  more 
elementary  methods  which  we  shall  discuss  below,  and  are 
always  more  powerful  in  combination  with  them. 
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§  2.]  The  characteristic  difficulty  and  the  way  of  meeting  it 
vriW  be  best  explained  by  discussing  a  simple  example.  If  in 
the  function  {x'  -  l)/(-c-  1)  we  put  x=2,  there  is  no  difficulty 
in  carrying  out  successively  all  the  operations  indicated  by  the 
synthesis  of  the  function ;  the  case  is  otherwise  if  we  put  a;=  1, 
for  we  have  1'  -  1  =  0,  1-1=0,  so  that  the  last  operation  in- 
dicated is  0/0 — a  case  specially  excluded  from  the  fundamental 
laws ;  not  included  even  under  the  case  a/0  (a  +  0)  already  dis- 
cussed in  chap,  xv.,  §  6.  The  first  impulse  of  the  learner  is  to 
assume  that  0/0  =  1,  in  analogy  with  a/ a  =  1 ;  but  for  this  he 
has  no  warrant  in  the  laws  of  algebra. 

Strictly  speaking,  the  function  (x*  -  l)/(^  -  1)  has  no  definite 
value  when  x=l  ;  that  is  to  say,  it  has  no  value  that  can  be 
deduced  from  the  principles  hitherto  laid  down.  This  being  so, 
and  it  being  obviously  desirable  to  make  as  general  as  possible 
the  law  that  a  function  has  a  definite  value  corresponding  to 
every  value  of  its  argument,  we  proceed  to  define  the  value  of 
(x*  -  l)/{x  -  1)  when  x=l.  In  so  doing  we  are  naturally  guided 
by  the  principle  of  continuity,  which  leads  us  to  define  the 
value  of  (^■-  !)/(«-  1)  when  x=l,  so  that  it  shall  differ  in- 
finitely little  from  values  of  (a:"- l)/(x- 1),  corresponding  to 
values  of  x  that  differ  infinitely  little  from  1.  Now,  so  long  as 
a;  4=  1,  no  matter  how  little  it  differs  from  1,  we  can  perform  the 
indicated  division;  and  we  have  the  identity  (jr*- l)/(ic- 1)  = 
x+l.  The  evaluation  of  a;+  1  presents  no  difficulty;  and  we 
now  see  that  for  values  of  x  differing  infinitely  little  from  1,  the 
value  of  {x'  -  l)/(x  -  1)  differs  infinitely  little  from  2.  We  there- 
fore define  the  vahie  of  {x* -  l)/{x -  1)  when  x=l  to  be  2  ;  and  we 
see  that  its  value  t^  2  in  the  useful  and  perfectly  intelligible 
sense  that,  by  bringing  x  sufficiently  near  to  1,  we  can  cause 
(x*-  l)l{x-  1)  to  differ  from  2  by  as  little  as  we  please.*  The 
value  of  {x'  -  l)/(x  -  1)  thus  specially  defined  is  spoken  of  as  the 
limiiing  value,  or  the  limit  of  (x* -  l)/(x -  1)  for  x=l ;  and  it  is 
symbolised  by  writing 

•  The  reader  should  observe  that  the  dcfiuitiou  of  the  critical  value  just 
given  has  another  advantage,  namely,  it  enables  us  to  assert  the  truth  of  the 
identity  (ar*-  l)/(x-  l)=a:  +  l  without  exception  in  the  case  where  «=!. 
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where  L  is  the  initial  of  the  word  " limit"  The  subscript  x=l 
may  be  omitted  when  the  value  of  the  argument  for  which  the 
limiting  value  is  to  be  taken  is  otherwise  sufficiently  indicated. 

We  are  thus  led  to  construct  the  following  definition  of  the 
value  of  a  function,  so  as  to  cover  the  cases  where  the  value 
indicated  by  its  synthesis  is  indeterminate  : — 

When,  by  causing  x  to  differ  sufficiently  little  from  a,  we  can  make 
the  value  of  f{x)  approach  as  near  as  we  please  to  I,  then  I  is  said  to 
be  the  limiting  value,  or  limit,  of  f(x)  when  x-a ;  and  we  write 

Lf{x)  =  l. 

Cor.  1.  A  function  is  in  general  continuous  in  the  neighbourhood 
of  a  limiting  value;  and,  therefore,  in  obtaining  that  value  we  may 
subject  the  function  to  any  transformation  which  is  admissible  on  the 
hypothesis  that  the  argument  x  has  any  value  in  the  neighbourhood  of 
the  critical  value  a. 

We  say  "in  general,"  because  the  statement  will  not  be 
strictly  true  unless  the  phrase  "  differ  infinitely  little  from  "  mean 
"  differ  either  in  excess  or  in  defect  infinitely  little  from."  It  may 
happen  that  we  can  only  approach  the  limit  from  one  side ;  or 
that  we  obtain  two  different  limiting  values  according  as  we  in- 
crease X  up  to  the  critical  value,  or  diminish  it  down  to  the  critical 
value.  In  this  last  case,  the  graph  of  the  function  in  the  neighbour- 
hood oi  x  =  a  would  have  the  peculiarity  figured  in  chap,  xv., 
Fig.  5 ;  and  the  function  would  be  discontinuous.  The  latter 
part,  of  the  corollary  still  applies,  however,  provided  the  proper 
restriction  on  the  variation  of  x  be  attended  to. 

When  it  is  necessary  to  distinguish  the  process  of  taking  a 
limit  by  increasing  x  up  to  a  from  the  process  of  taking  a  limit 
by  decreasing  x  down  to  a,  we  may  use  the  symbol    L    for  the 

x=a-0 

former,  and  the  symbol    L    for  the  latter. 

Cor.  2.  If  It  f{x)  =  /,  then  f{a  +  h)  =  l  +  d,  where  d  is  a  function 

x-a 

of  a  and  h,  whose  value  may  be  made  as  small  as  we  please  by  suffi- 
ciently diminishing  h. 
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This  is  simply  a  re-statement  of  the  definition  of  a  limit  from 
another  point  of  view. 

Cor.  3.  Any  ordinary  value  of  a  fundion  satisfies  the  definition 
of  a  limiting  value. 

For  example,  L  {^  -  \)j{x  -  1)  =  (2"  -  l)/(2  -  1)  =  3.     This  re- 

mark  would  be  superfluous,  were  it  not  that  attention  to  the 
point  enables  us  to  abbreviate  demonstrations  of  limit  theorems, 
by  using  the  symbol  L  where  there  is  no  peculiarity  in  the 
evaluation  of  the  function  to  which  it  is  prefixed. 

§  3.]  It  may  happen  that  the  critical  value  a,  instead  of 
being  a  definite  finite  quantity,  is  merely  a  quantity  greater  than 
any  finite  quantity,  however  great.  We  symbolise  the  process 
of  taking  the  limit  in  this  case  by  writing    L    /  {x\  or   L     /  {x\ 

x=+co  x=  -  00 

according  as  the  quantity  in  question  is  positive  or  negative. 
For  example, 

L(ic+l)/x=  L(l  +  l/a:)  =  l. 

x=oo  a;=oo 

In  this  case,  we  can,  strictly  speaking,  approach  the  limit  from  one  side 
only ;  and  the  question  of  continuity  on  both  sides  of  the  limit  does  not 
arise.  If,  however,  we,  as  it  were,  join  the  series  of  algebraical  quantity 
-00  ...-1...0...  +1...  +00  through  infinity,  by  considering 
+  00  and  -  00  as  consecutive  values  ;  then  we  say  i\isXj\x)  is,  or  is  not,  con- 
tinuous for  the  critical  value  a;=  oo ,  according  as  L  /(a?)  and    L    f{x)  have, 

X=oo  x=-oo 

or  have  not,  the  same  value.  For  example,  {x  +  Vjfx  is  continuous  for  a;=oo , 
for  we  have  L  (ic+l)/a:=l=    L     (a:  +  l)/a;;  but  (a;* +  l)/aj  is  not  continuous 

£=00  x=s~eo 

for  a;  =  oo. 

§  4.]  The  value  0  may  of  course  occur  as  a  limiting  value ; 

for  example,  L  x{x  -  1)7(^*  -  1)  =  0.     It  may  also  happen,  even 
1=1 

for  a  finite  value  of  a,  that/(a:)  can  be  made  greater  than  any 
finite  quantity,  however  great,  by  bringing  x  sufliciently  near  to  a. 
In  this  case  we  write  L  f(x)  =  x  .     In  thus  admitting  0  and  oo 

OS  limiting  values,  the  student  must  not  forget  that  the  general 
rules  for  evaluating  limits  are,  as  will  be  shown  presently,  sub- 
ject in  certain  cases  to  exception  when  these  particular  limits 
occur. 
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KNUMERATION   OF  THE  ELEMENTARY  INDETERMINATE  FORMS. 

§  6.]  Let  u  and  v  be  any  two  functions  of  x.  We  have 
already  seen,  in  chap,  xv.,  that  u-{-v  becomes  indetermin- 
ate when  u  and  v  are  infinite  but  of  opposite  sign ;  that  uxv 
becomes  indeterminate  if  one  of  the  factors  become  zero  and 
the  other  infinite;  and  that  u-t-v  becomes  indeterminate  if  u 
and  V  become  both  zero,  or  both  infinite.  We  thus  have 
the  indeterminate  forms — (I.)  oo  -  oo ,  (II.)  0  x  oo ,  (III.)  0  -i-  0, 

(IV.)   00   ^  00  . 

It  is  interesting  to  observe  that  all  these  really  reduce  to  (III. ).  Take 
00-00  for  example.  Since  tt+i;=(l  +  v/w)/(l/u),  and  Ll/tt=l/oo=0,  this 
function  will  not  be  really  indeterminate  unless  Li;/u=  - 1.  The  evaluation 
of  the  form  oo  -  oo  therefore  reduces  to  a  consideration  of  cases  (IV. )  and  (III.) 
at  moat.  Now,  since  w-7-«=(l/v)-7-(l/tt),  case  (IV.)  can  be  reduced  to  (III.) ; 
and  finally,  BisiC6UXV=u-^[l/v),  case  (II.)  can  be  reduced  to  (III.). 

To  exhaust  the  category  of  elementary  algebraical  operations 
we  have  to  discuss  the  critical  values  of  u\  This  is  most  simply 
done  by  writing  u^  -  a^^°^^  where  a  is  positive  and  >1.  We 
thus  see  that  u'^  is  determinate  so  long  as  t^log^i^  is  determinate. 
The  only  cases  where  t^log^t^  ceases  to  be  determinate  are  those 
where — (V.)  v  =  0,  logaW  =  +  oo ,  that  is  t?  =  0,  i^  =  oo  ;  (VI.)  v  =  0, 
logaU=  -00,  that  is  t;=0,  u  =  0;  (VIL)  «;=  ±oo,  logat*=0, 
that  is  v=  ^<x>,  u=l.  There  thus  arise  the  indeterminate 
forms— (V.)  00 «,  (VI)  0^  (VIL)  1^^.* 

All  these  depend  on  aP^^  ;  or,  if  we  choose,  upon  a®/® ;  so  that  it  may 
be  said  that  there  is  really  only  one  fundamental  case  of  indetermination, 
namely,  0-^0. 

EXTENSION    OF  THE  FUNDAMENTAL  OPERATIONS  TO   LIMITING 

VALUES. 

§  6.]  We  now  proceed  to  show  that  limiting  values  as  above 
defined  may,  under  some  restrictions,  be  dealt  with  in  algebraical 

*  The  reader  is  already  aware  that  V  gives  1 ;  and  he  may  easily  convince 
himself  that  0+",  0-«>,  oo+",  oo-«>  give  0,  ±oo,  ±oo,  0  respectively,  no 
matter  what  their  origin. 
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70  FUNDAMENTAL  OPERATIONS  WITH  LIMITS  chap. 

operations  exactly  like  ordinary  operands.     This  is  established 
by  means  of  the  following  theorems  : — 

I.  The  limit  of  a  sum  of  functions  of  x  is  the  sum  of  their  limits, 
provided  the  latter  does  not  take  the  indetaminate  form  oo  -  oo  . 

Consider  the  sum  f(x)  -  <f>(x)  +  x(j^)  for  the  critical  value 
x^a;  and  let  Lf(x)  =/,  L<t^x)  =  <jb',  Lx(^)  =  x •  Then,  by  §  2, 
Cor.  2, 

f{x)=f  +  a,  <K^)  =  <^'  +  A  X(^)  =  X  +7, 
where  a,  ^,  y  can  each  be  made  as  small  as  we  please  by 
bringing  x  sufficiently  near  to  a. 

Now,       /(^)-*(a^)  +  x(^)=/-<^'  +  x +(<^-^  +  r). 

Butj  obviously,  a  -  ^  +  y  can  be  made  as  small  as  we  please  by 
bringing  x  sufficiently  near  to  a.     Hence ' 

L{f{x)-<f>(x)-,x{^)}=f-<f>'^X% 
that  is,  =  Lf{x)  -  L<f>{x)  +  Lx{x)     (1 ). 

This  reasoning  supposes  f,  <f>',  x  ^^  ^®  ^^^^  finite ;  but  it  is 
obvious  that  if  one  or  more  of  them,  all  having  the  same  sign, 
become  infinite,  then  f  -  <f>  +  x  ^^^  ^  {/(^) ""  4^^)  "^  x(^)}  *^® 
both  infinite,  and  the  theorem  will  still  be  true  in  the  peculiar 
sense,  at  least,  that  both  sides  of  the  equality  are  infinite.  If, 
however,  some  of  the  infinities  have  one  sign  and  some  the 
opposite,  f  -  <f>  +  X  ceases  to  be  interpretable  in  any  definite 
sense ;  and  the  proposition  becomes  meaningless. 

II.  The  limit  of  a  product  of  functions  of  x  is  tJie  product  of  their 
limits,  provided   the   latter   does   not   take   the   indeterminate  form 

0  X    00. 

Using  the  same  notation  as  before,  we  have 
/(a:)#r)x(^)  =  (/  +  a)(f +  /?)(x'  +  r) 

=/Vx +2:a<^V  +  2«^x+«^r• 
Now,  provided  none  of  the  limits  /',  <^',  x'  ^  infinite,  since  a,  ^, 
y  can  all  be  made  as  small  as  we  please  by  bringing  x  sufficiently 
near  to  a,  the  same  is  true  of  2a<^'x',  2aj8x'>  and  a^y.     Hence 

L/(a^)  <Kx)  x(^)  -n'x  =  V(^)  L-K^)  Lx(^)  (2). 

If  one  or  more  of  the  limits  /,  <^',  x'  be  infinite,  provided  none 
of  the  rest  be  zero,  the  two  sides  of  (2)  will  still  be  equal  in  the 
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sense  that  both  are  infinite ;  but,  if  there  occur  at  the  same  time 
a  zero  and  an  infinite  value,  then  the  right-hand  side  assumes 
the  indeterminate  form  0  x  oo ;  and  the  equation  (2)  ceases  to 
have  any  meaning. 

III.  The  limit  of  the  quotient  of  two  functions  of  x  is  the  quotient 
of  their  limUs,  provided  the  latter  does  not  take  one  of  the  indeterminate 
forms  0/0  or  oo  /oo .     We  have 

From  this  equation,  reasoning  as  above,  we  see  at  once  that,  if 
neither/'  nor  <^'  be  infinite,  and  <^'  be  not  zero, 

It  is  further  obvious  that  if  /'  =  oo  ,  <^'  #  oo ,  both  sides  of  (3) 
will  be  infinite ;  if  <^'  =  oo ,  /  #  oo ,  both  sides  will  be  zero ;  and 
if  <l>  =  0,  /'  +  0,  both  sides  will  be  infinite.  In  all  these  cases, 
therefore,  the  theorem  may  be  asserted  in  a  definite  sense.  If, 
however,  we  have  simultaneously  /'  =  0,  <^'  =  0,  the  right  hand  of 
(3)  takes  the  form  0/0  ;  if /'  =  oo  ,  <f>'  =  oo  ,  the  form  oo  /oo  ;  and 
then  the  theorem  becomes  meaningless. 

§  7.]  If  the  reader  will  compare  the  demonstrations  of  last 
paragraph  with  those  of  §  8,  chap,  xv.,  he  will  see  that  (except 
in  the  cases  where  infinities  are  involved)  the  conclusions  rest 
merely  on  the  continuity  of  the  sum,  product,  and  quotient. 
This  remark  immediately  suggests  the  following  general  theorem, 
which  includes  those  of  last  paragraph  as  particular  cases : — 

If  Y{u,  Vy  w,  .  ,  .)  be  any  function  of  w,  v,  w,  ,  .  .,  which  is 
determinate^  and  finite  in  value,  and  also  continuous  when 

u  =  L/(fl:),    V  =  L<^a;),    w  =  Lx(a;),  .  .  . , 
then 

LF{/(A  Mx),  xW, .  .  .}  =  F{L/(x),  L-K*).  Lx(4  •  •  •!• 
The  reader  will  easily  prove  this  theorem  by  combining  §  2,  Cor. 
2,  with  the  definition  of  a  continuous  function  given  in  chap. 
XV.,  §§  5,  14. 
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The  most  important  case  of  this  proposition  which  we  shall  have  occasion 
to  use  is  that  where  we  have  a  function  of  a  single  function.    For  example, 
L{{i^-l)/{x-l)}^={  L  (aj2-l)/(x-l)}«=4. 
«=1  x=l 

Llog{(a^-l)/(a:-l)}=log{  L  (a?-l)/(ar-l)}  =log  2. 


ON   THE  FORMS   0/0   AND    oo/oo   IN   CONNECTION  WITH 
RATIONAL  FUNCTIONS. 

§  8.]  The  form  0/0  will  occur  with  a  rational  function  for 
the  value  fl;  =  0  if  the  absolute  terms  in  the  numerator  and 
denominator  vanish.  The  rule  for  evaluating  in  this  case  is  to 
arrange  the  terms  in  the  numerator  and  denominator  in  order 
of  ascending  degree,  divide  by  the  lowest  power  of  x  that  occurs 
in  numerator  or  denominator,  and  then  put  x  =  0.  The  limit 
will  be  finite,  and  =4=  0,  if  the  lowest  teims  in  numerator  and 
denominator  be  of  the  same  degree;  0  if  the  term  of  lowest 
degree  come  from  the  denominator;  oo  if  the  term  of  lowest 
degree  come  from  the  numerator.  All  this  will  be  best  seen 
from  the  following  examples  : — 

Example  1. 


Example  2. 
Example  3. 


.    -   2ar*  +  a^      ^    2  +  a;=        2 

.      L    -3i 3    =  L    -;;- i   =    -   =    00. 


§  9.]  The  form  oo/oo  can  arise  from  a  rational  function  when, 
and  only  when,  a;  =  oo .  The  limit  can  be  found  by  dividing 
numerator  and  denominator  by  the  highest  power  of  x  that 
occurs  in  either.  If  this  highest  power  occur  in  both,  the  limit 
is  finite ;  if  it  come  from  the  denominator  alone,  the  limit  is  0  ; 
if  from  the  numerator  alone,  the  limit  is  oo  . 

Example  1. 

L        ^"f +5*_    -  L       ^/^  +  ^   _  ^     0  +  1     ^  1 
x=«2^-=^  +  ar»  +  3a;*  ■~a.=  «,2/aj^+l/iB  +  3  ~  0  +  0  +  3  ~  3' 
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Example  2. 


Example  3. 


-    a»  +  3a^  +  4a?*       _    l/aJ*  +  3/a^  +  4/a;3       0       ^ 


o2a;+jc*  +  6a:«» 


2/a:*+l/ar»  +  6         6 


^^«,2aj  +  3a^+ar'   ■;i'«,2/x»  +  3/iB*  +  l/a;'      0 


,=    -    =    00. 


§  10.]  If  the  rational  function /(a;)/<^(x)  take  the  form  0/0  for 
a  finite  value  of  x,  +  0,  say  for  x  =  a,  then,  since  f{a)  =  0,  <^(a)  =  0, 
it  follows  from  the  remainder-theorem  that  a;  -  a  is  a  common 
factor  in  f{x)  and  <^(aj).  If  we  transform  the  function  by  remov- 
ing this  factor,  the  result  of  putting  x  =  a  in  the  transformed 
function  will  in  general  be  determinate ;  if  not,  it  must  be  of 
the  form  0/0,  and  x-a  will  again  be  a  common  factor,  and  must 
be  removed.  By  proceeding  in  this  way,  we  shall  obviously  in 
the  end  arrive  at  a  determinate  value,  which  will  be  the  limit  of 
f{x)j<^x)  when  x  =  a. 

Example.  Evaluate  (3a^  -  10jb»  +  Sar^  +  12aj  -  4)/(a?*  +  Zaj*  -  22a?  +  32a:  -  8) 
when  a;  =2.  The  value  is,  in  the  first  instance,  indeterminate,  and  of  the 
form  0/0  ;  hence  a;  -  2  is  a  common  factor.  If  we  divide  out  this  factor,  we 
find  that  the  value  is  still  of  the  form  0/0  ;  hence  we  must  divide  again.  We 
then  have  a  determinate  result.  The  work  may  be  arranged  thus  (see  chap, 
v.,  §13):- 


3-10+  3+12-4 

0+6-8  -10+4                     2 

1  +  2  -22+32  -8 
0  +  2+   8  -28+8 

3-   4  -   5  +   2+0 
0+   6+   4-.2I 

1  +  4  -14+   4,  +  0 
0  +  2+12  -   4! 

3+2-1+0 
0+   6+16 
3+   81  +  15 

1+6  -2+0 

0  +  2+16 

1  +  8|+'14 

The  process  of  division  is  to  be  continued  until  we  have  two  remainders 
which  are  not  both  zero.  The  quotient  of  these,  15/14  in  the  present  case,  is 
the  limit  required. 

The  evaluation  of  the  limit  in  the  present  case  may  also  be 
effected  by  changing  the  variahlty  an  artifice  which  is  frequently  of 
use  in  the  theory  of  limits.  If  we  put  x  =  a  +  Zy  then  we  have 
to  evaluate  L/(a  +  z)l<fi{a  +  z)  when  2f  =  0.  Since  f{a  +  z)  and 
<^a  +  z)  are  obviously  integral  functions  of  z^  we  can  now  apply 
the  rule  of  §  8.  It  will  save  trouble  in  applying  this  method  if 
it  be  remembered — 1st,  that  in  arranging /(a  +  2?)  and  <j>{a  +  z) 
according  to  powers  of  z  we  need  not  calculate  the  absolute 
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terms,  since  they  must^  if  the  form  to  be  evaluated  be  0/0,  be 
zero  in  each  case;  2nd,  that  we  are  only  concerned  with  the 
lowest  powers  of  z  that  occur  in  the  numerator  and  denominator 
respectively. 

,i2«^  +  2ar»-22ar'  +  32a-8    ~^=o(2  +  2)*  +  2(2  +  2)»-22(2  +  s)a  +  32(2  +  «)-8 


~  14* 

This  method  is  of  course  at  bottom  identical  with  the  former ;  for,  since 
z=aj  -  a,  the  division  by  2*  corresponds  to  the  rejection  of  the  factor  (x  -  of, 

§  11.]  The  methods  which  are  applicable  to  the  quotient  of 
two  integral  functions  apply  to  the  quotient  of  two  algebraic 
sums  of  constant  multiples  of  fractional  powers  of  x.  Each  of 
the  two  sums  might,  in  fact,  be  transformed  into  an  integral 
function  of  y  by  putting  a  =  y^,  where  d  is  the  L.C.M.  of  the 
denominators  of  all  the  fractional  indices.  It  is,  however,  in 
general  simpler  to  operate  directly. 

Example.  Evaluate 

""x=0  a;*  +  2x*  +  a; 
If  we  divide  by  ar*,  the  lowest  power  of  x  that  oc<!urs,  we  have 

l^^   Li -. ^-1 

x=0  l+2a^  +  a;' 

§  12.]  The  following  theorem,  although  partly  a  special  case 
under  the  present  head,  is  of  great  importance,  because  it  gives 
the  fundamental  limit  on  which  depends  the  "  differentiation  "  of 
algebraic  functions : — 

If  m  be  any  real  cammensurable  qiianiity,  positive  or  negative, 

L(a^"*-l)/(.7;-l)  =  m  (1). 
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First,  let  771  be  a  positive  integer.     Then  we  have 

Hence 

L  (aj**  -  l)/{z  -l)  =  l  +  l+...  +  l  +  l(m  tenns), 

Next,  let  m  be  a  positive  fraction,  say  p/q,  where  p  and  q  are 
positive  integers.     Then  the  limit  to  be  evaluated  is  L  (x^f^  -  1)/ 

z-l 

(x-l)*     If  we  put  x  =  sfl,  and  observe  that  to  a;  =  1  corresponds 
z=ly  the  limit  to  be  evaluated  becomes  L  {zp  -  l')/{z^  -  1).     This 

may  be  evaluated  by  removing  the  common  factor  z  -I ;  or  thus 

L,.-w(-.)=.LCj^,>)/r^") 

=,i',(?-i)/.=i(f-T)' 

Finally,  suppose  m  to  have  any  negative  value,  say  -  n,  where 
n  is  positive.     Then 

L  (x-^  -  l)/(a;  -  1)  =  L  (1  -  x^)/3f'{x  -  1), 

=  -L(ic«-l)/(«-l)a:^ 

=  -  {  L  («»» -  l)/(a;  -  1) }   X  L  1/a;^ 

x=l  ac=l 

Now,  by  the  last  two  cases,  since  n  is  positive,  L(.r**-  1)/ 

(jr  -  1)  =  w.     Also  L  l/x'^  =  1.     Hence 

'^'L(x-»-l)/(a:-l)=-n; 
«=i 

that  is,  in  this  case  also, 

L{x:^-l)/(x-l)  =  m, 

Second  Demonstration. — The  above  theorem  might  also  be  deduced  at  once 
from  the  inequality  of  chap,  xxiv.,  §  7,  as  follows  :~For  all  positive  values  of 
z,  and  all  positive  or  negative  values  of  m,  a^-  1  lies  between  'nt3f^-\x-\) 
and  m(x-l).     Hence  (af"-l)/(a;-l)  lies  between  mx^"^  and  7/1.     Now,  by 


*  There  is  here  of  course  the  usual  understanding  (see  chap,  x.,  §  2)  os 
to  the  meaning  of  xpI^, 
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bringing  x  sufficiently  near  to  1,  7waf»~*  can  be  made  to  di£fer  as  little  from  m 
as  we  please.     The  same  is  therefore  true  of  (af»  -  l)l(x  - 1) ;  that  is  to  say, 

L{af^-l)/{x-l)=m 
for  all  real  values  of  m. 

Example  1.  Find  the  limit  of  (xp  -  a'')/{x9  -  a9)  when  x=a.    We  have 
L  {xP-aP)l{7fi-ai)=  L  aP-v{(ar/a)i»-l}/{(a;/a)«-l}, 


aC^-vvc;^"). 


=ai^  L 
V= 
where  y=xla.     Hence  we  have,  by  the  theorem  of  the  present  paragraph 

L  {xP-aP)l{afi-cfi)=aP-^plq. 
xsza 

Example  2.  Evaluate  log  (x^  - 1)  -  log  {x^-Vj  when  a;=  1. 

L{log(a;i-l)-log(xi-l)}=Llog{(a:i-l)/(a;i-lH, 

=log{L(x«-l)/(ar*-l)},  by§7, 

=log{f/i}, 
=log3. 
Example  3.   If  Za;,   ^  ..  .  denote  logz,    log(loga;),  .  .  .  respectively, 
then,  when  a;  =  « ,  Ur{x  + 1  )jl^x  =  1. 
In  the  first  place,  we  have 

l{x-^\)llx=\l{x  +  \)-lx  +  lx]IIx, 
=  l{l  +  llx)/lx  +  l. 
Now,  whenaj=oo,  Z(l  +  l/a;)  =  Zl  =  0  andZa;=oo.    Hence  L/(a:  +  l)/te=l. 
If  we  assume  that  Ll^{x-hl)ll''x=ly  we  have 

lr+\x+l)/l'^^X=  {lri-\x+l)-  l'^^X  +  l'^^x}ll'^^X, 
=  l{nx+l)llrx}ll^^X-^l, 

Hence 

Ll^\x+l)ll^h:=llloo  +1, 

=1; 

that  is,  the  theorem  holds  for  r  + 1  if  it  holds  for  r.  But  it  holds  for  r=l,  as 
we  have  seen,  therefore  for  r=2,  &c.  It  is  obvious  that  this  theorem  holds 
for  any  logarithmic  base  for  which  lao  =qo. 

Example  4.  If  I  have  the  same  meaning  as  before,  and  X  have  a  similar 
meaning  for  the  base  a,  then 

L  Vxll'-x=l/loga. 

X=00 

Let  fi  =  l/loga.  Since  \x=tdx,  the  theorem  clearly  holds  when  r=l.  It  is 
therefore  sufficient  to  show  that,  if  it  is  true  for  r,  it  is  true  for  r + 1.    Now 

X^^xjl^^x  =  \{\^x)/l^^x, 
=fd{\^x)II^^x, 
=fi{l{\^x)  -  l'^''x-¥l^''x]ll^'^x, 

=  pi{l{\rx/l'-x)/l-+'x+l}, 

Hence,  if  we  assume  that  L\^x/V'x=fif  we  have 

hxr+'^x/i'^^x = fi.  {ifi/ oo  + 1 } , 
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EXPONENTIAL   LIMITS. 

§  13.]  The  most  important  theorem  in  this  part  of  the  sub- 
ject is  the  following,  on  which  is  founded  the  differentiation  of 
exponential  functions  generally  : — 

The  limit  of  {I  +  IjxY  when  x  is  increased  without  limit  eiilier 
positively  or  negatively  is  a  finite  number  (denoted  by  e)  lying  between 
2  and  3. 

The  following  proof  is  due  to  Fort.* 

We  have  seen  (chap,  xxiv.,  §  7)  that,  if  a  and  b  be  positive 
quantities,  and  m  any  positive  quantity  numerically  greater 
than  1,  then 

ma'^-\a  -  b)>a'''  -  b'''>mh'^-\a  -  b)  (1). 

In  this  inequality  we  may  put  a  =  (y  +  l)/y,  b=  1,  m  =  yjx^  where 
y>x>\.     We  thus  have 


(y±LY"-i>l 


,        l\vf^  1 

Hence  ( 1  +  - )     >1  +  - 


y    J  X 

that  is,  (i+iy>(l+iy  (2), 

where  y>x. 

Again,  if  in  (1)  we  put  a  =  1,  b  =  (j/-  \)jyf  (m,  y,  x  being  as 
before),  we  have 

X         \  y  / 

/      \\y'^       1 
Hence  (1  — j    >1  — , 

\       y/  X 

and  therefore  {}~~)  ^ ^{}  "  ~)  "^  (^)' 

where  y>x. 

We  see  from  (2)  and  (3)  that,  if  we  give  a  series  of  in- 


•  Zciischnftfilr  Mathematik,  vii.,  p.  46  (1862). 
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creasing  positive  values  to  a;,  the  function  (1  +  1/x)*  continually 
increases,  and  the  function  (1  -  1/a:)"*  continually  decreases. 
Moreover,  since  ^>7f  -- 1,  we  have 

x-\  "^  IT' 

that  is,  (1  — )     >  1  +  -. 

\        x/  X 


Hence 


(>-r  >(--:)' 


The  values  of  (1  -  l/x)'^  and  (1  +  1/a:)*  cannot,  therefore, 
pass  each  other.  Hence,  when  x  is  increased  without  limit, 
(1  -  l/x)"*  must  diminish  down  to  a  finite  limit  A,  and 
(1  +  l/x)*  must  increase  up  to  a  finite  limit  B.  The  two  limits 
A  and  B  must  be  equal,  for  the  difference  (1  -  1/a:)"*  -  (1  +  l/x)F 
may  be  written  {x/{x  -  1)}*  -  {(a:  +  l)/x}' ;  and  by  (1)  we  have 
1/    a:    \*      f    X    Y      f^^+lV  1         /a;+l\*   ,,, 

x\^i)  H^J  '\r^)  ''^r:rij^[-'^-)  (^y 

But,  since,  as  has  already  been  shown,  {a:/(a;~l)}*  and 
{(a;+l)/a;}*  remain  finite  when  a:=oo,  the  upper  and  lower 
limits  in  (5)  approach  zero  when  x  is  increased  without  limit  ; 
the  same  is  therefore  true  of  the  middle  term  of  the  inequality. 

It     has     therefore    been     shown     that    L  (1  +  1/a;)*    and 

a=oo 

L  (1  -  1/x)"*  have  a  common  finite  limit,  which  we  may  denote 

by  the  letter  e. 

Since  (1  +  1/6/  =  2-521  ...  and  (1  -  l/6)-«  =  2'985  .  .  ., 
e  lies  between  2*5  and  2  9.  A  closer  approximation  might  be 
obtained  by  using  a  larger  value  of  x ;  but  a  better  method  of 
calculating  this  important  constant  will  be  given  hereafter,  by 
which  it  is  found  that 

«=  2-7182818285  .  .  . 
The  constant  e  is  usually  called  Napier's  Base  * ;   and  it  is  the 
logarithmic  or  exponential  base  used  in  most  analytical  calcula- 
tions.    In  future,  when  no  base  is  indicated,  and  mere  arith- 

*  In  honour  of  Napier,  and  not  because  he  explicitly  used  this  or  indeed 
any  other  base. 
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metical  computations  are  not  in  question,  the  .  base  of  a 
logarithmic  or  exponential  function  is  understood  to  be  « ;  thus 
logx  and  expo;  are  in  general  understood  to  mean  log^x  and 
expa^;  (that  is,  e*)  respectively. 

Cor.  1.  L  (1  +  a;)!/*  =  6. 

jc=0 

For  'L{\  +  \jzf  =  e\  and  if  we  put  z=l/x,  so  that  x=0 
corresponds  to  ;3:  =  oo ,  we  have  L  (1  +  x)^/*  =  e. 

Cor.  2.  L  loga  { (1  +  1  A)'' }  =  L  log^  { (1  +  x^f"^ }  =  loga(?. 

For,  since  loga^  is  a  continuous  function  of  y  for  finite  values  of 
y,  we  have,  by  §  7, 

L  loga  {(1  +  l/xT}   =  loga  {  L  (1  +  1/x)-}  , 

XSOO  2=00 

=  loga^. 

The  other  part  of  the  corollary  follows  in  like  manner. 
Cor.  3.  L  (1  +  y/x)""  =  L  (1  +  xyyi<^  =  ev. 

If  we  put  l/z  =  y/x,  then  to  a;  =  oo  corresponds  z=  co  ;  hence 
L(l+y/^)*=L(l  +  l/^)^, 

X=oo  s=oo 

=  fL{l  +  llzy}y,  by  §7, 


Cor.  4.  L  (a*  -l)/x  =  loga. 

If  we  put  y  =  a*  -  1,  so  that  a;  =  loga(l  +  y),  and  to  aj  =  0  corre- 
sponds y  =  0,  we  have 

L(a*-l)/a^=Ly/loga(l+y), 

05=0  y=0 

=  L^l/loga(l+yn 
=V/loga{L(l+y)Vy}, 

y=0 
=  l/logafi  =  loga. 

It  will  be  an  excellent  exercise  for  the  student  to  deduce  directly  from  the 
fundamental  inequality  (1)  above,  the  important  result  that  L  (a*~l)/x  is 

«=0 
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finite ;  and  thence,  by  transformation,  to  prove  the  leading  theorem  of  this 
paragi'aph.* 

Cor.  5.  If  X  he  any  positive  guantUy, 

6*>l+a:,  \og(l  +x)<x; 

and  J  if  x  be  positive  and  less  tJuin  1, 

e'^>l  -Xy      -  log(l  -x)>x. 

Since  e>(l  +  !/«)**,  when  n  may  be  as  great  as  we  please, 

g*-l>(l  +  l/7l)«^-l, 

>nx  { (1  +  l/n)  -  1  }  >a:,  by  chap,  xxiv.,  §  7, 
for,  however  small  x,  we  can  by  sufficiently  increasing  w  make 
nx>l. 

Hence  e^>  1  +  x. 

It  follows  at  once  that  loge*>log(l  +  x),  that  is,  a;>log(l  +  x). 
Again,  since  e<(l  -  l/n)""'  and  e"^>(l  -  1/w)", 
e-*-l>{(n-l)/n}'»*-l, 
>nx  {(n-'l)/n-  1 }, 
>-x. 
Hence  e"*>  1  -  «,  and  therefore  1/(1  -  x)  >(s^. 

It  follows  at  once  that  log  { 1/(1  -  x) } ,  that  is,  -  log(l  -  ic)>a;. 
Cor.  6.f  If  h\  Tx,  .  .  .  denote   logx^  log{logx\  .   .   .  respect- 
ively^ X  he  positive  and  >1,  and  r  any  positive  integer^  then 

l/xlxPx  .  .  .  l''x>l^'^\x+l)-'l''+^x>l/(;x+  \)l{x  +  l)l\x  +  I)  .  .  . 

.  .  ./'•(ir+l). 
For,  by  Cor.  5,     l{x  +l)-lx  =  l{l  +  l/x\ 

<llx. 

This  proves  the  first  inequality  when  r  =  0.  It  remains  to 
siiow  that,  if  the  inequality  holds  for  r,  it  holds  also  for  r  +  1. 
We  have 

/'•+2(x+l)-^+2^  =  /{^+i(a;+l)//''+ia;}, 

=  /[l  +{Z'-+i(x+l)-Z'-+ijc}//''+i4 
<  { l^-^\.K  ■hl)-l^+^x }/l'"^^x,        by  Cor.  5. 
Hence,  if  we  assume  Z'"+i(a;  +  1)  -  l^'^^x<\/xlx  .  .  .  1%  it  follows 
that 

l'+\x+l)-l''+^'X<l/xlx  .   .  .  l^xl^+h, 

*  See  Schltimilch,  ZcUschrift  fiir  McUhemaiik,  vol.  iii.,  p.  387  (1858). 
t  Malmsten,  OruiierVa  Archiv.^  viii.  (1846). 
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Again,  by  Cor.  5,  we  have 

>\jx. 
Therefore  *       l{x  +  1)  -  Zaj  >  !/(«  +  1). 

This  proves  the  second  inequality  when  r  =  0.     If  we  suppose 
it  to  hold  for  r,  we  have 
l^-^\x  +  1)  -  /^  +  2j;  =  _  Z[/^+ia://'-  +  i(aj  +  1)], 

>{l^-^\x  +  1) - /^+ia:}/^+i(a;  +  1),    by  Cor.  5, 
>l/(a:+l)/(a;+l)  .  .  .  /'"(a;  +  l)^+i(a;  +  1). 

Hence  the  induction  is  complete. 

Cor.  7.  From  the  inequality  of  Cor.  5,  combined  with  the 
result  of  Example  3,  §  12,  we  deduce  at  once  the  following  im- 
portant limits  : — 

'L{jr{x+\)-irx}  =  (i, 
h{ir-^\x+\)-V'^^x}xi.xX^T  .  .  .  n=i. 

Example  1.  Show  that  the  limit  when  n  is  infinite  of  1  +  1/2+  .  .  . 
+  l/?i-  log7t  is  a  finite  quantity,  usually  denoted  by  7,  lying  between  0  and  1. 
(Euler,  Camm,  Ac,  PeL  (1734-6).) 
Since,  by  Cor.  5, 

-  log  (1  -  lln)>1ln         >log  (1  +  1/n). 
We  have  log  {nl(n  - 1 )[  >  1/n.  > log  {(n  + 1)/%! , 

log  {(n -  l)l{n  -  2)}  >  1/(71  -  1)  >log  {n/in  -  l)\ . 


log  {3/2}  >  1/3  > log  {4/3}, 
log  {2/1}  >  1/2  >  log  {3/2}, 
l  =  l>log{2/l}. 
Hence  1  +  log  »  >  S  l/?i  >  log  (?i  + 1 ). 

Therefore  1  >  SI/ti  -  log  ti  >  log  (1  +  l/n). 

Now,  when  w  =  oo,  log  (1  + l/n) =0.  Thus,  for  all  values  of  w,  however 
great,  21 /n  -  logn  lies  between  0  and  1. 

The  important  constant  7  was  first  introduced  into  analysis  by  Euler,  and 
is  therefore  usually  called  Euler's  Constant  Its  value  was  given  by  Euler 
himself  to  16  places,  namely,  7=  -677215664901532(5).  (See  Inst.  Calc.  Diff.y 
chap,  vi.)* 

•  Euler's  Constant  was  calculated  to  32  places  by  Mascheroni  in  his 
AdnoUUiones  ad  Euleri  Calculum  Integralem.  It  is  therefore  sometimes 
called  Mascheroni's  Constant  His  calculation,  which  was  erroneous  in  the 
20th  place,  was  verified  and  corrected  by  Gauss  and  Nicolai.  See  Gauss, 
IFerke,  Bd.  iii.,  p.  154.  For  an  interesting  historical  account  of  the  whole 
matter,  see  Glaisher,  Mess.  Math.,  vol.  i.  (1872). 

VOL,  II  G 
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Example  2.  Show  that  L   {1/1  +  1/2+ .  .  .  +l/n}/log»=l. 

This  follows  at  once  from  the  inequality  of  last  example. 

From  this  result,  or  from  Example  1,  we  see  that  L  {1/1  + 1/2  + ...  +  1/n} 

n=oo 

=  00  ;  and  also  that  L   {l/k  + 1/(^•  + 1)  + .  .  .  +  l/ji}  =  oo ,  where  k  is  any  finite 

n=oo 
positive  integer. 


GENERAL  THEOREMS. 

§  1 4.]  Before  proceeding  further  with  the  theory  of  the  limits 
of  exponential  forms,  it  will  be  convenient  to  introduce  a  few 
general  theorems,  chiefly  due  to  Cauchy.  Although  these  theorems 
are  not  indispensable  in  an  elementary  treatment  of  limits,  the 
student  will  find  that  occasional  reference  to  them  will  tend  to 
introduce  brevity  and  coherence  into  the  subject. 

I.  For  any  critical  value  of  x,  L{f{x)  }^^^  =  {Lf{x)}^'\  provided 
the  latter  form  be  not  indeterminate. 

This  is  in  reality  a  particular  case  of  the  general  theorem  of 
§  7.  The  only  question  that  arises  is  as  to  the  continuity  of  the 
functions  of  the  limits.     We  may  write 

{fM  }^^^  =  e^^^^^^^^^. 
Now  w  =  logtt  is  a  continuous  function  of  t*,  so  long,  at  least,  as 
u  lies  between  +  1  and  +  oo ;  and  e^  is  a  continuous  function 
of  V  and  w.     Hence,  so  long  as  L<^x)  and  L  log/(ic)  are  neither  of 
them  infinite,  we  have 

~  ^  > 

Hence  h{f(x)  }^'>  =  {L/(i:)}^^^^>  (1). 

An  examination  of  the  special  cases  where  either  L<^(a;)  or 
Llog/(a:),  or  both,  become  infinite,  shows  that,  so  long  as 
{L/(x)}^*^  does  not  assume  one  of  the  indeterminate  forms  0^ 
00°,  1—*,  both  sides  of  (1)  become  0,  or  both  oo ;  so  that  the 
theorem  may  be  stated  as  true  for  all  cases  where  its  sense  is 
determinate. 
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n.  L  {/(x  +  1)  -/(a;)}  =  L  f{x)lx,  provided  L  {f{x  +  1)  -f{x)} 

X=ao  X=oo  X=ao 

he  not  indeterminate*     (Cauchy's  Theorem.) 

Since  x  is  ultimately  to  be  made  as  large  as  we  please,  we 
may  put  x=^h  +  n^  where  A  is  a  number  not  necessarily  an 
integer,  bat  as  large  as  we  please,  and  n  is  an  integer  as  large 
as  we  please. 

First,  suppose  that  L  {f(x  +1)  -/(x) }  is  not  infinite,  =  k  say. 

Since  L{/(x+ 1) -y(rr)}  =  A;,  we  can  always  choose  for  h  a 
definite  value,  so  large  that  for  x  =  h  and  all  greater  values 
f{i  +1)  -f(x)  -k  i&  numerically  less  than  a  given  quantity  a,  no 
matter  how  small  a  may  be.     Hence  we  have  numerically 

f(h+2)-f{h+l)-k<a, 

f{k  +  n)  -f{h  +  n  -  1)  -  k<a ; 
and,  by  addition,    f(h  +  n)  -/(h)  -  nk<na ; 
that  is,  f(x)  -f{h)  -(x-  h)k<(x  -  h)a. 

Hence  Mm..UA),M-% 

X         X        \       xJ        \       xJ 

A/  <  a  + -    . 

X  XX 

Since  /(^),  A,  ^,  and  a  are,  for  the  present,  fixed,  it  results 
that>  by  making  x  sufiiciently  large,  we  can  make  f{x)lx  -  k 
numerically  less  than  a.  Now  a  can  be  made  as  small  as  we 
please  by  properly  choosing  h ;  hence  the  theorem  follows. 

Next^  suppose  that  L  {/(a;+ 1) -/(a:) }  =  +  oo  ;  then,  by 
taking  h  sufficiently  large,  we  can  assume  that 

f(h^l)-f(h)>I, 
/(A  + 2) -/(A +!)>/, 

/(A  +  7i)-/(^  +  ri-l)>/, 
where  /  is  a  definite  quantity  as  large  as  we  please. 

*  Theorems  II.  and  III.  are  given  by  Cauchy  in  his  Analyse  Algihrique 
(which  is  Part  I.  of  his  Cours  cC Analyse  de  VJEcole  Royale  Polytechniquc), 
Paris,  1821. 
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Hence  f{h  +  n)  -  f{h)  >  nl, 

that  is  /(.r)  -f{h)  >(x-  h)L 

fix)    ,    f{h)     hi 
Hence  '^-^>l  +'^-^-^  -  - . 

Z  XX 

Since  f{h\  \  I  are  all  definite,  we  can,  by  sufficiently  in- 
creasing a;,  render  f{h)lx  -  M/x  as  small  as  we  please,  therefore 
f{x)/x>l  Now,  by  properly  choosing  A,  /  can  be  made  as  large 
as  we  please  ;  hence  hf{x)/x  =  oo . 

The  case  where  L  {f{x  +1)  -f(x) }  =  -  oo  can  be  included  in 
the  last  by  observing  that  ( -f{x  +  1))  -  (  -f{x))  has  in  this  case 
+  00  for  its  limiting  value. 

in.  L  f(x  +  l)lf{x)  =  L  {/(x)  }!/*,  provided  L  f{x  +  l)/f{x)  be 

x=oo  s=c»  z  =  oo 

not  indeterminate. 

This  theorem  can  be  deduced  from  the  last  by  transformation, 
as  follows  : — * 

We  have         L  { 1/^(0;  +  1)  -  ^p{x) }  =  L  '^^ 
where  ^(x)  is  any  function  such  that  L  {^f^{x+  I)-  ^(x)}  is  not 

Z=co 

indeterminate.  Let  now  }p{x)  =  logf(x) ;  so  that  }p{x  +  1)  -  }p{x)  = 
log  fix  +  1)  -  log/(a^)  =  log{/(x  +  \)lf{x)}',  and  x}.ix)jx  = 
{ log/(a:)  }lx  =  log  {fix)  }i/*.     Then  we  have 

Hence  log|  l/'J^*,'-*  }  -log(  L  W«)l"-]. 

provided  L/(a;+  I) /fix)  be  not  indeterminate.     Hence,  finally, 

x=oo     yW  a;=« 

Cauchy  makes  the  important  remark  that  the  demonstrations 
of  his  two  theorems  evidently  apply  to  functions  of  an  integral 
variable  such  as  ic ! ,  where  only  positive  integral  values  of  x  are 
admissible. 


*  The  reader  will  find  it  a  good  exercise  to  establish  this  theorem  directly 
from  first  principles,  as  Cauchy  does. 
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For  example,  we  have  L  (a;+l)!/a:!  =  L  (iC  +  l)  =  oo.    Heuce  L  {x  !)^/*  =  oo  , 

z=«  a;=oo  x=ao 

and  conseqaently  L  (l/x  !)'/'= 0. 


EXPONENTIAL  LIMITS   RESUMED. 

§  15.]  If  a>l,  then  L  a'/x  =  oo ;  L  loga^jx  =  0;  L  xlogaX  =  0. 

x=co  x=oo  x=+0 

The  first  of  these  follows  at  once  from  Cauchy^s  Theorem 
(§  14,  11.)  for  we  have 

L(a*+i  -  a')  =  La*(a  -  1 )  =  oo . 
Hence  ha'/x  =  oo . 

As  the  theorem  is  fundamental,  it  may  be  well  to  give  an 
independent  proof  from  first  principles. 

First,  we  observe  that  it  is  sufficient  to  prove  it  for  integral 
values  of  x  alone,  for,  however  large  x  may  be,  we  can  always 
put  x  =  f  +  z  where  /  is  a  positive  proper  fraction  and  z  a 
ix>sitive  integer.     Then  we  have 

.    a*     ^    a/+^ 
L   —  =  L    y-     9 

x=oo  ^       z=aaj  "^  ^ 

f    z      a' 

r=oo      J  ^  Z    Z 
=  0/1."'  (1), 

2=oc  * 

where  we  have  to  deal  merely  with  Jja^jzy  z  being  a  positive 
integer. 

Let   Ug  =  a'/z,   then  Ug^y/iiz  =  azj{z+ I)  =  a/ {I  +  l/z).  Now, 

since   L  a/(l  +  l/j?)  =  a>l,  we   can   always   assign   an  integral 

value  of  Zy  say  z  =  r,  such  that,  for  that  and  all  greater  values  of  z, 
ttz+i/««>^>  where  b>l.     We  therefore  have 

Ur+,/Ur  >  b, 
Ur^JUr+i  >  b, 


■Uz/tCz^i  >  b. 
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Hence,  by  multiplying  all  these  inequalities  together,  we  deduce 

Now  Ur/b^  is  finite,  and,  since  b>lj  b'  can  be  made  as  great  as 
we  please  by  sufficiently  increasing  z.     Hence  L  m^  =  oo ,  on  the 

supposition  that  z  is  always  integral.     But,  since  a-^  is  finite,  it 
follows  at  once  from  (1)  that  L  a*/x  =  oo ,  when  x  is  unrestricted. 

The  latter  parts  of  the  theorem  follow  by  transformation. 
If  we  put  a*  =  y,  so  that  x  =  log^y,  and  to  a;  =  oo  corresponds 
y  =  00 ,  we  have 

00  =  L  a'^/x  =  L  y/logay. 

x=oo  y  =  «> 

Hence  L  log^^jy  =  l/oo  =0. 

y  =  oo 

If  we  put  a*  =  1/y,  so  that  a:  =  -  logay,  and  to  a;  =  oo  corre- 
sponds y  =  0,  we  have 

00  =  L  a'jx  =  -   L   1/y  log^y. 

x=a)  y=+0 

Hence  L  vlogay=  -l/oo  =0. 

Example  1.    Show  that,  if  a>l    and  n  be  positive,  then  L  a*lx**  =  oo; 

X=00 

L  loga;c/j;« = 0  ;    L   iB"  log^ar = 0. 
x=oo  x=+0 

La'lx*'=  L  {a*/''/j;}» 

Z—  CO  jr  =  00 

=  1  Liayyix]'-, 

X=(0 

=  oo"  =  oo  ; 
for,  since  a>l  and  7i  is  positive,  we  have  aV'«>l,  so  that  L(«V»')»/.r=oo  and 

The  two  remaining  results  can  be  established  in  like  manner,  if  we  put 
y  =  lo^rt-''  i»  the  one  case,  and  y—  -  logaX  in  the  other. 

It  should  be  noticed  that  if  n  be  negative  we  see  at  once  that  L  a'/x"  =  oo  ; 

X=00 

L  log„.T/x'"  =  oo  ;    L  sc"logtia;=  -oo. 

x  =  oo  x=0 

Example  2.  If  a;  be  any  fixed  finite  quantity,   L  ar"/n  !=0. 

n  =  3o 

Since  n  is  to  be  made  infinite,  and  x  is  finite,  we  may  select  some  finite 
positive  integer  k  such  that  a;</:<7i.     Then  we  have 
x^  _    .r*-i       X       X  X 

w'!~(Fny!  *  k  '  k-hl  *  •  ■  7i* 

^{k-l)\\k) 

Now,  since  x<k,  L(u/^)''-*+*  =  0,  hence  the  theorem. 
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Example  3.  Lffi(«i-1).  .  .  (7/i-«  +  l)/?i  !=0  or  oo,  according  as  m> 
or  <  - 1. 

First,  let  m>  -1,  then  m  +  1  is  positive.  We  can  always  find  a  finite 
positiye  integer  h  such  that  m  + 1  <  ^  <  n.    Therefore  we  may  write 

_g..l!i.— 1)  ■  -  '"-^■'.(-)-~..c.-{l  --tJ)(l  -g±j) .  .  . 

•     ■(-^). 
=(-)'-»+'«C»-iP,  say. 
Now 

>(«i  +  l)/l;+(m  +  l)/(A;+l)+.  .  .+(m  +  l)/n, 

by  §18,  Cor.  6.  Al80,by§18,  Example2,  the  limit  of  (m-fl)/^  +  (w-fl)/(A;  +  l) 
+  .  .  .  +(m+l)/n  is  infinite  when  7i=oo .  It  follows,  therefore,  that  LP=0, 
and  therefore  that  LmCn=0. 

Next,  let  m<  - 1,  say  m=  -  (1  +  o),  where  a  is  a  positive  finite  quantity. 
We  may  now  write 

«C=(-)-^^^''»y;;---j"-^"?=(-)-P.  say. 
Now 
logP=-log(l-,-fJ-log(l-,-fi)-.  .  .-log(l-^J 

>o/(l  +  a)  +  o/(2  +  a)+.  .  . +o/(w  +  o), 
>a/(l+i?)  +  o/(2+^)+.   .  .+o/(7H-p), 

where  p  is  the  least  integer  which  exceeds  a.  But  the  limit  of  a/(l  +^) 
+  a/(2  •\-p)  +  .  .  .  +  o/(n  +^)  is  infinite.     Hence  LP  =  oo . 

When  m=:-l,  niCn=(-l)")  and  the  question  regarding  the  limiting 
value  does  not  arise. 

§  16.]  The  fundamental   theorem  for    the  form    0°    is    that 
L   a^=l. 

This  follows  at  once  from  last  paragraph  ;  for  we  have 

j^ar  ^  LfiXlogr  ^  ^I^logx  ^  gO  ^  j^ 

Example  1.     L   (ar-)*=l. 
x=+0 

For  L(a?»)'=I.ar«=L(x*)-  =  (La^r=l»=l. 

Example  2.     L  x-*"=l  (n  positive). 
x=+o 

For  J^''=zl^''^^=e^''^'^=(f^=l,  by  §  15,  Example  1. 

iV^5.— If  »  be  negative,   L   a?«"=0*=0. 
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CHAP. 


§  17.]  If  u  and  v  he  functions  of  x,  both  of  which  vanish  when 
X  =  a,  and  are  such  that  L  v/u^  =  Z,  where  n  is  positive  and  neither  0 

iwr  00 ,  and  I  is  not  infinite^  then  L  w^  =  1 ,  jyrovided  the  limit  he  so 

x=a 

approached  that  u  is  positive  * 

For  W  =  Ju{u''y''''  =  (Lw^'T"'"'. 

Now,  by  §  16,  Example  2,  since  n  is  positive  L  u"^^  ~  1.     Hence 

Lw^=l'=l. 

If  L  v/u^^  =  CO ,  this  transformation  leads  to  the  form  1*; 

x=a 

and  therefore  becomes  illusory. 

The  above  theorem  includes  a  very  large  number  of  parti- 
cular cases.  We  see,  for  example,  that,  if  hvju  he  deteiininate  and 
not  infinite^  then  1m^  -  1.  Again,  since,  as  we  shall  prove  in 
chapter  xxx.,  every  algebraic  function  vanishes  in  a  finite  ratio 
to  a  positive  finite  power  of  a;  -  a,  it  follows  that  every  such 
function  vanishes  in  a  finite  ratio  to  a  positive  finite  power  of 
every  other  such  function.  Hence  Lw*  =  1  whenever  u  and  t; 
arc  algebraic  functions  of  ir.f 

Example.   Evaluate  L  { a;  - 1  +  VC-c'  - 1 ) }  '^^^  "  ^^  when  x  =  1 . 
Here  ?/=  V(a;-l)[V(a:-l)  +  V(^  +  aJ  +  l)},  v=  ^{x-\\    m-VJ/i,=  {^(jr- i) 
+  ^{x''  +  x  +  \)}^l^. 

Hence  Lw2>=  ^3.    Therefore  Lw'=  L(w«''')«'/«'^=1^''^=  1. 

§  18.]  In  cases  where  the  last  theorem  does  not  apply,  the 
evaluation  of  the  limit  can  very  often  be  effected  by  writing  u^ 
in  the  form  e^  ^^^y  and  then  seeking  by  transformation  to  deduce 
the  limit  of  v  \ogu  from  some  combination  of  standard  cases. J 

Example.  Evaluate  7^1  ^°8  <^ "  ^)  when  x=0. 

It    is    obviously    suggested    to    attempt     to    make    this    depend     on 
L  { (e*  -  l)/x  ]  =  1.     This  may  be  effected  as  follows.     We  have 
x=o 

jpi/log(e»-l)^glogT/log(c'-i)^ 


*  See  Franklin,  American  Journal  of  MatheinalicSj  1 878. 
t  See  Spraguc,  Proc.  Ediiib.  Math,  Soc^  vol.  iii.,  p.  71  (1885). 
Z  At  one  time  an  erroneous  impression  prevailed  that  the  indeterminate 
form  0®  has  always  the  value  1. — See  Crcllc's  Jour.y  Bd.  xii. 


Digitized  by 


Google 


XXV  THE  FORMS  oo  °,  l"  89 

Now  log  a; log  a; 

log (c* - 1) "log  { («* -  l)/x }  +log X 

1 


log{{f^-l)lx\/logx+l' 
Since  L  log  { {c*  - 1)/« }  =0,  by  §  13,  Cor.  4,  and  L  log  a;=  -  oo ,  we  see  that 
Llogaj/log(c»-l)  =  l. 
Hence  LarVlog(e«-l)^g, 

§  19.]  Since  u^=l/{l/uy,  indetenninates  of   the  form  oo  ® 
can  always  be  made  to  depend  on  others  of  the  form  0^,  and 
treated  by  the  methods  already  explained. 
Example.  Evaluate  {1+xyf*  when  a;=  oo . 
Let  1  +a;=l/y,  so  that  y=0  when  ic=oo  ;  then  we  have 
L  {l+xyj'=  L  \  l/y»/(^-y)}  =l/L(3^)Mi-i'). 

JtrrOO  y  =  0 

Now  Li/*=1  and  Ll/(1  -y)  =  l ;  hence  L  {l+x)^''=l. 
§  20.]  The  fundamental  case  for  the  form  1*  is  L  (1  +  l/x)^ 

X=oo 

=  L  (1  +  xy^^  =  e,  already  discussed  in  §  13.     A  great  variety  of 

x=0 

other  cases  can  be  reduced  to  this  by  means  of  the  following 
theorem. 

If  u  and  V  be  functions  of  x  such  that  u=l  and  v=  co  when 
x  =  a,  then  \/dl^  -  g^^"""^\  provided  Lv{u  -l)  he  determinate. 

We  have  in  fact 

^t^  =  {(i+ii^iy/<«-i)}^«i>. 

Hence,  by  §  7, 

L^''  =  L{(l+w-iy^^*-'>}^^"-'^, 

^^Li<u-l) 

provided  Lv{u-  1)  be  determinate. 

Example  1.  La-^/<'-J)=  L  (I  +  ^If'^'-'^ = c. 

x=l  x=l 

Example  2.  Evaluate  (1  +  log  a;)^^t«-i)  ^hen  x=l. 
We  have 

Z = L(l  4-  log  a;)V(^  "  D = L  { ( 1  +  log  a:)lA«8  * }  ^«g  '/('"  D, 

Now  Llog.i;/(^-l)  =  Lloga;^^('-i)=logLa;'/<*-^^=logc  =  l.     Hence  l=c. 

TRIGONOMETRICAL   LIMITS. 

§  21.]  We  deal  with  this  part  of  the  subject  only  in  so  far 
as  it  is  necessary  for  the  analytical  treatment  of  the  Trigono- 
metrical Functions  in  the  following  chapters. 
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We  shall  require  the  following  inequality  theorems : — 
If  X  he  the  number  of  radians  {circular  units)  in  any  positive 
angle  less  tlian  a  right  angle^  then 

I.  tan  a*  >  a;  >  sin  a* ; 

IL  z >sin x>z-  \3? ; 

III.  1  > cos  a;  >  1  -  \x^. 

If  PQ  be  the  arc  of  a  circle  of  radius  r,  which  subtends  the 
central  angle  2a:,  and  if  PT  QT  be  the  tangents  at  P  and  Q, 
then  we  assume  as  an  axiom  that 

PT  +  TQ  >  arc  PQ  >  chord  PQ. 
Hence,  as  the  reader  will  easily  see  from  the  geometric  defini- 
tion of  the  trigonometrical  functions,  we  have 

2r  tan  x  >  2ra;  >  2r  sin  x ; 
that  is,  tan  x>     x>      sin  a;, 

which  is  I. 

To  prove  IL,  we  remark  that  sin  a;  =  2  sin  \x  cos  ^x 
=  2  tan  \x  cos'Ja;  =  2  tan  \x  (1  -  sin  *|a;).  Hence,  since,  by  I., 
tan  \x  >  \x  and  sin  \x  <  Ja;,  we  have 

^mx>2,\x{\-{\xY\, 
>x-  ix^ 
The    first    part   of    IIL    is    obvious    from    the    geometric 
definition  of  cosx.     To  prove  the  latter  part,  we  notice  that 
cos  a;  =  1  -  2  sin'Ja; ;  hence,  by  I., 

cos  a;  >  1  -  2(^a;)', 

>i-K- 

§  22.]  The  fundamental  theorem  regarding  trigonometrical 
limits  is  as  follows  : — 

If  xhe  the  radian  measure  *  of  an  angle^  then  L  (sin  xjx)  =  1. 

a;=0 

This  follows  at  once  from  the  first  inequality  of  last  para- 
graph.    For,  if  a;<  ^TT,  we  have 

tan  a:  >  a:  >  sin  a; ; 
therefore  sec  x  >  xjsm  x>\. 


*  In  all  that  follows,  and,  in  fact,  in  all  analytical  treatment  of  the  trigono- 
metrical functions,  the  argument  is  assumed  to  denote  radian  measure. 
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If  we  diminish  x  sufficiently,  sec  x  can  be  made  to  differ  from 
1  by  as  little  as  we  please.  Hence,  by  making  x  sufficiently 
small,  we  can  make  o^/sinx  lie  between  1  and  a  quantity  differing 
from  1  as  little  as  we  please.     Therefore 

La:/sinfl;=  1. 
Hence  also  L  sin x/x=l. 

Cor.  1.  Ltaiix/x=  1. 

For  L  tan  x/x  =  L(sin  x/a;)/cos  a;  =  L  sin  x/x  x  L  l/cos  a;  =  1  x  1  =  1. 
Cor.  2.  L  sin  -/-  =  L  tan  -/-  =  1  provided  a  is  either  a  con- 

,^«,         x/x       ,=  00  Xl  X 

siarU,  or  a  function  of  x  which  does  not  become  infinite  when  x=  co . 

This  is  merely  a  transformation  of  the  preceding  theorems. 
It  should  also  be  remarked  that 

L(8inV-Y=L  (tanV-Y=l, 

«=oo\  «'«/         «=oo\  Xl  X/ 

provided  a  and  ^  are  constants,  or  else  functions  of  x  which 
do  not  become  infinite  when  a;  =  oo . 

If,  however,  a  were  constant,  and  ^  a  function  of  x  which 
becomes  infinite  when  a;  =  oo ,  then  each  of  the  two  limits  would 
take  the  form  1",  and  would  require  further  examination. 

§  23.]  Many  of  the  cases  excepted  at  the  end  of  last  para- 
graph can  be  dealt  with  by  means  of  the  following  results,  which 
we  shall  have  occasion  to  use  later  on  : — 

If  a  he  constant,  oi'  a  function  of  x  which  is  not  infinite  when 
X  =  00  ,  then 

L   ( cos  -  )    =  1 : 

x=oo  \        x/ 

L    (tan-/-)    =1- 

To  prove  the  first  of  these,  we  observe  that  for  all  values  of 
a/a:  less  tlian  \k  we  have,  by  §  21,  XL, 

»(""E/r'i'-»©"}' 


Digitized  by 


Google         — 


92  .  L(sin?/?)^,     L(co8?)* 

Now 

L  (l-«74:c')'=  L   {(l-a74/)-^'''} --'"'. 

x=oo 

=  «•=!,  by  §§7  and  13. 
Hence  L  (sin-/-^   =  1. 

In  exactly  the  same  way  we  can  prove  that  L    ( cos  -  j    =1. 
Finally,  since 

l(..!/!)'.l(.„?/:)\li/(.o.|)', 

the  third  result  follows  as  a  combination  of  the  first  two. 

Example.  EvaUiate  (cossc)       when  a:=0.     By  §  20,  we  have  L(cosa:)  '^' 
^^Uco8x-i)/x2^     Now  (cosx-  l)/ar^=  -  2  sin  V/-^=  -  i(8in  W4-^)'-     Hence 

L(co8a:-l)/jr»=-4. 
We  therefore  have  L (cos x)^^'^=e~K 


SUM  OF   AN    INFINITE    NUMBER   OF   INFINITELY 
SMALL  TERMS. 

§  24.]  If  we  consider  the  sum  of  n  terms,  say,  «!+«,  +  .  .  . 
+  t*n>  each  of  which  depends  on  n  in  such  a  way  that  it  becomes 
infinitely  small  when  n  becomes  infinitely  great,  it  is  obvious 
that  we  cannot  predict  beforehand  whether  the  sum  will  be  finite 
or  infinite.  Such  a  sum  partakes  of  the  nature  of  the  form 
0  X  00 ;  for  we  cannot  tell  a  priori  whether  the  smallness  of  the 
individual  terms,  or  the  infiniteness  of  their  number,  will  ulti- 
mately predominate.  We  shall  have  more  to  do  with  such  cases 
in  our  next  chapter ;  but  the  following  instance  is  so  famous  in 
the  history  of  the  Infinitesimal  Calculus  before  Newton  and 
Leibnitz  that  it  deserves  a  place  here. 

7/"  r  +  1  he  positive^  tJien 

L  (K+2'-  +  .  .  .+n^)/ri'"+i  =  l/(r+l). 

«  =  oo 

In   the  case  where   r  is  an  integer  this  theorem  may  be 
deduced  from  the  formula  of  chap,  xx.,  §  9. 
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The  proofs  usually  given  for  the  other  cases  are  not  very 
rigorous ;  but  a  satisfactory  proof  may  be  obtained  by  means  of 
the  inequality 

(r  +  l)xr{x  -  y)^'jf+'  -  f^'^ir  +  l)f{x  -  y)         (1), 
which  we  have  already  used  so  often. 

If  we  put  first  X  =p,  y  =p  -  1,  and  then  x  =jp  +  1,  y  =  j?,  we 
deduce 

(p  +  i)r+i  -y+i^(r  +  l)?/</;'-+^  -{jp-  ly-^^        (2), 

where  the  upper  or  the  lower  signs  of  inequality  are  to  be  taken 
according  as  the  positive  number  r  +  1  is  >  or  <  1. 

If  in  (2)  we  put  ior  p  in  succession  1,  2,  3,  .  .  . ,  n  and  add 
all  the  resulting  inequalities  we  deduce 

{n  +  l)''+i  -  1  ^(r  +  1)  (l*-  +  2*-  +  .  .  .  +  if)^vr'^\ 
Hence 
{(l  +  l/ny+i-l/n''+i}/(r+l)<(r  +  2''  +  .  .  .  +  7i'")/w''+^ 

:i/(r+l). 

That  is  to  say,  (1'  +  2''  + . . .  +  rf)/tf+'^  always  lies  betweenl/(»-  +  1) 
and    {(l  +  l/»)'-+i-l/7t'-+i}/(r+l).      But  L   (1  +  l/»)'-+i=  1;" 

n  =  <x> 

and  L  l/if-^'^  =  0,  since  r  +  I  is  positive.     Hence  the  second  of 

n=oo 

the  two  enclosing  values  ultimately  coincides  with  the  first,  and 
our  theorem  follows. 

It  may  be  observed  that,  if  r  +  1  were  negative,  the  proof 
would  fail,  simply  because  in  this  case  L  1/^**+^  =  oo . 

Cor.  1.  If  s  be  any  finite  integer,  and  r+l  he  positive, 
L    {1^  +  2'-  +  .  .   .  +  (w  -  5)'-}/7i'-+i  =  l/(r  +  1). 

71  =  00 

This  is  obvious,  since  L{V  +  2'"  +  .  .  .  +  (w  -  sY}/n^-^^  differs 
from  L(F+  2**  +  .  .  .  +  w'")/n'"+^  by  a  finite  number  of  infinitely 
small  terms. 

Cor.  2.  If  a  be  any  constant,  and  r  +  1  be  positive, 
L  {(a  +  l)*-  +  (a  +  2)'-  +  .  .  .  +  (rt  +  w)'"}/7i»-+i  =  l/(r  +  1). 

n=oo 

This  may  be  proved  by  a  slight  generalisation  of  the  method 
used  in  the  proof  of  the  original  theorem. 
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Cor.  3.  If  a  arid  c  he  constants,  and  r  +  1  +  0, 

L  {(na  +  cY  +  (wa  +  2c)''  +  .  .  .  +  (na  +  ncy}ln^^^ 

''  "      =  {(a  +  c)'-+i-a'-+i}/c(r+l). 

This  also  may  be  proved  in  the  same  way,  the  only  fresh  point 
being  the  inclusion  of  cases  where  r  +  1  is  negativa 

§  25.]  Closely  connected  with  the  results  of  the  foregoing 
paragraph  is  the  following  Limit  Theorem,  to  which  attention 
has  been  drawn  by  the  researches  of  Dirichlet : — 

If  a,  b,  p  he  all  positive,  the  limit,  when  n  =  co ,  of  the  sum  of  n 
terms  of  the  series 

1  1  1  1  .  . 

a'^'^{a^by-''^{a+2bf-'''''  '  ' '' {a  + nbY^'^  '  '  '  ^  ^' 
is   finite   for    all   finite    values   of   p,    however    small;    and,    if 
2  l/{a  +  nb)^^^  denote  this  limit,  then 

n=l 

Lp1:i/(a  +  nJ)^+^  =  l/6  (2). 

^=0    n=l 

By  means  of  the  inequality  (1)  of  last  paragraph,  we  readily 
establish  that 

{a  +  {p-  l)b}-^  -  {a  -^ph}'^>pb{a  +ph}-'-'^ >  {a  +phy 

^{a-,{p+l)b}-^  (3). 

Putting,  in  (3),  0,  1,  2,  .  .  , ,  n  successively  in  place  of  p, 
adding  the  resulting  inequalities,  and  dividing  by  bp,  we  deduce 

If  _i__  J 1  ; 1 ^iri  1       I 

h\{a-bY     {a  +  nbyjtZo{a+pb}'-^'^bp\af      {a-^{n+l)byj 

(4). 
Since    Ll/{a  +  ?iZ>}^  =  0,    and    Ll/{a  +  («  +  1)6}^  =  0,     when 
7i  =  00 ,  we  deduce  from  (4), 

1  »  1  1 

1 >  2 ---^-r  >  -  -  (5). 

pb{a-by    p=o{a-^pbf^'     pke  ^^ 

From  (5)  the  first  part  of  the  above  theorem  follows  at 
once;  and  we  see  that  l/ph{a-by  and  \jpV^^  are  finite  upper 
and  lower  limits  for  the  sum  in  question. 
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We  also  have 

1  «  1  1 

>  ■ 


whence  it  follows,  since  hi  jb{a  -  by  =  lAjba^  =  1/6,  when  p  =  0, 
that 

00  1  1 

From  the  theorem  thus  proved  it  is  not  difficult  to  deduce 
the  following  more  general  one,  also  given  by  Dirichlet : — 

If  ki^  kg,  .  .  . ,  A'„,  .  .  ,  be  a  series  of  positive  quantities,  no  one 

of  which  is  less  than  any  following  one,  and  if  they  be  such  that 

L  T/t  =  a,  where  T  is  the  number  of  the  k's  that  do  not  exceed  t, 

theti  Yl/kn^^  is  finite  for  all  'positive  finite  values  of  p,  however 

small ;  and  L  p^ljk^^'  =  a* 

/»=0     1 

Cor.  It  follows  from  (5)  that 

1  T       f      1  1  1  )         1  /fi\ 

p{a  -  1/  n=ao  (  a^^     (a  +  1)  ^/  {a  +  n)  ^'^  )    pa'^ 

an  inequality  which  we  shall  have  occasion  to  use  hereafter. 


GEOMETRICAL  APPLICATIONS   OF  THE  THEORY   OF   LIMITS. 

§  26.]  The  reader  will  find  that  there  is  no  better  way  of 
strengthening  his  grasp  of  the  Analytical  Theory  of  Limits  than 
by  applying  it  to  the  solution  of  geometrical  problems.  We  may 
point  out  that  the  problem  of  drawing  a  tangent  at  any  point  of 
the  graph  of  the  function  y  =f{x)  can  be  solved  by  evaluating  the 
limit  when  A  =  0  of  {fi^i^  +  h) -f(x)}/h;  for,  as  "will  readily  be 
seen  by  drawing  a  figure,  the  expression  just  written  is  the 
tangent  of  the  inclination  to  the  axis  of  x  of  the  secant  drawn 
through  the  two  points  on  the  graph  whose  abscissae  are  x  and 
x  +  h;  and  the  tangent  at  the  former  point  is  the  limit  of  the 

•  See  Dirichlet,  Crelle's  Jour,,  Bd.  19  (1839)  and  53  (1857) ;  also  Heine, 
ibid.,  Bd.  31. 
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secant  when  the  latter  point  is  made  to  approach  infinitely  close 

to  the  former.* 

Example.  To  find  the  inclination  of  the  tangent  to  the  graph  o{  y  —  ^ 
at  the  point  where  this  graph  crosses  the  axis  of  y. 

If  0  be  the  inclination  of  the  tangent  to  the  a;-axis,  we  have 

tan^=L(«<H-*-e«)/A, 
=  L(^-1)/A. 
=  loge  =  l. 
Hence  B  =  \ir. 

§  27.]  The  limit  investigated  in  §  24  enables  us  to  solve  a 
problem  in  quadratures ;  and  thus  to  illustrate  in  an  elementary 
way  the  fundamental  idea  of  the  Calculus  of  Definite  Integrals. 
We  may  in  fact  deduce  from  it  an  expression  for  the  area  in- 
cluded between  the  graph  of  the  function  y  =  x''//^"^,  the  axis  of 
x^  and  any  two  ordinates. 

Let  A  and  B  be  the  feet  of  the  two  ordinates,  a,  h  the  corresponding 
abscissae,  and  6-a=c.t  Divide  AB  into  n  equal  parts  ;  draw  the  ordinates 
through  A,  B,  and  the  n-\  points  of  division  ;  and  construct — Ist,  the  series 
of  rectangles  whose  bases  are  the  n  parts,  and  whose  altitudes  are  the  1st, 
2nd,  .  .  .  ,  nth  ordinates  respectively ;  2nd,  the  series  of  rectangles  whose 
bases  are  as  before,  but  whose  altitudes  are  the  2nd,  3rd,  .  .  . ,  (71  + 1  )th 
ordinates.  If  I„  and  J„  be  the  sums  of  the  areas  of  the  first  and  second  series 
of  rectangles,  and  A  the  area  enclosed  between  the  curve,  the  axis  of  x  and 
the  ordinates  through  A  and  B,  then  obviously  In<A<J„. 

Now 

In=c{a*"  +  (a  +  c/7i)*'  +  (rt+2<:/7i)»'+.  .  . +(a  +  n^lc/n)*-}/nZ'^i ; 
J„=c{(a  +  c/n)*"  +  (a  +  2c/n)''+ .  .  ,  +(a+w^/n)*'}/»Z'-\   ■    . 

Since  Jn-In=c(ft'"-a'')/nZ»^',  which  vanishes  when  w=oo,  LIn=LJ«  and 
therefore  A  =  LJn,  when  »  =  00 .     Hence 

e  -  (7ifl  +  lc)''  +  (7ja  +  2c)'"+ .  .  .  +(na  +  wc)'- 

Hence  A = (6H-1  _  aH-i)/(r  + 1  )l^\ 

This  gives,  when  r= J,  and  a=0,  the  Archimedian  rule  for  the  quadrature 
of  a  parabolic  segment. 

*  We  would  earnestly  recommend  the  learner  at  this  stage  to  begin  (it 
he  has  not  already  done  so)  the  study  of  Frost's  Curve  Tracing,  a  work  which 
should  be  in  the  hands  of  every  one  who  aims  at  becoming  a  mathematician, 
either  practical  or  scientific. 

t  The  reader  should  draw  the  figure  for  himself. 
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Exercises  VII. 

Idmits. 

Find  the  limiting  Talnes  of  the  following  functions  for  the  giren  values  of 
the  yariahles : — 

(1.)  (3aji  +  2a^+Sj»*)/(«i+a!*+af*),    aj=0,  and  aj=oo. 

(2.)  (a?«-aj»-»a:»+lto-4)/(a?-2a"-4a;  +  8),    x=Z 

(3.)  log(a!»-2x»-2a;-8)-log(a5»-4ai»+4a!-3),    x=S. 

(4.)  {a!-(«  +  l)aJ*^^+«a5"+^}/(l-a5)2,   a=l  (n  a  positive  integer).   (Eulcr, 

Diff.  Cole.) 
(5.)  {^/^x-l)-{x-l)}|{^{x-l)-^/{x-l)},    aj=l. 
(6.)  (aj'***-a«'W)/(aj'H^-aiW),    x=a, 
(7.)  Ua+aj)"»-(a-a;)"*}/{(a+a;)"-(a-a;)"},    a;=0. 
(8.)  {(aj--l)i»-(aJ--l)*}/{(a;-l)i»-(aj-l)*}.    a;=l. 

(af»-l)«-(af>-l)(g"-l)  +  (a^-iy     ^_. 
^*'-''  (af»-l)»+(a-»-l)(aJ"-l)  +  (aJ"-l)*'  ' 

(10.)  {a-V(a'-«')}/a?,    aj=0.     (Euler, />»/.  CWc) 

(11.)  {Is/{a+x)-  i^(a-x)]l{4^(a+x)'-  \^{a-x)},    x=0. 

(12.)  {(o»+aaj+aj»)*-(a«-aaj+a»)*}/{(a+a:)*-(a-a;)*},    x=0.    (Euler, 

l>i/.  Cafc.) 
(18.)  {(2a^-«*)*-a(a^)i}/{a-(aa:')i},    aj=o.     (Gregory, -ESKaTwpZw  in 

iny.  cwc.) 

(14.)  {a+V(2a*-2ar)-V(2a»-a5»)}/{a-aj+V(a'-a!^)}.  «=«.  (Euler, 
IHy.  CaU.) 
x  -  V(a^  -  y*)>  when  a;= oo ,  y  =  « ,  but  y'/*  finite  =  2p. 
2a^y-2)/n(y-2),    x=y=z. 
2a5^(y»-2")/2aj^(y«-«»),    x=y=^z^a, 
«aS^V(«"  -  a*)  -!/(»-  a)i    » = «• 


(15. 
(16. 
(17. 
(18. 

(19. 
(21. 


(25. 
(27. 
(29. 
(81. 
stant 
(32. 
(38. 
(34. 
(35. 

(86. 

(87. 


2'(al/^-l),    aj=oo. 
(l  +  l/aj»)*,     aj=oo. 
(l  +  l/aj)«,    aj=0. 
aJ/(«-i)«,    aj=l. 

(log  aj/ar)^',     a5=oo. 


(20.)  a!^/*     x=co, 
(22.)  »^/(l+ar^)»,     aj=oo. 
(24.)  (1  +  1/a;)*",    x=oo. 
(26.)  ai/(««-i),     aj=l. 
(28.)  (loga;)V«,    a;=oo. 
(30.)  log*»a!/log*aj,    aj=oo. 


€^f{x\  assoo,  where  /(ar)  is  a  rational  function  of  x^  and  a  a  con- 

(aa?»+&if^H.  .  .  )^/*,    aj=«).     (Cauchy.) 
jBi/(i+8logx)^    aj=0. 
{(aj»+«+l)/(a?-a:+l)}*,    a;=oo. 
{4(a*+^)}^',    «=0. 

{l+2Ma?+l)}^^*^'^^\    «=<= 
/Oo +  «!«  +  .   .  . +ff,.af\Ao+Ai« 


\6o+6ia;+ 

voun 


(Longchamps. ) 
0.     (Math.  Trip.,  1886.) 
H 


Digitized  by 


Google 


98  EXERCISES  Vn 


CHAP. 


(38.)  {l/(«*-l}V*     ar=oo. 

(39.)  {log(l+a;)}lo8a-t*"),    aj=0. 

(40.)  log(l+aa:)/]og(l  +  &c),    x=0. 

(41.)  (««-<!-*)/log(l+a5),    x=0.     (EvUer,  Diff.  Cole.) 

(42.)  (jT-a;)tanjB,    x=^.  (43.)  tAU-^x/z,    x=0. 

(44.)  (l-8maj+co8a;)/(8ma;+coaaj-l),    aj=jT.    (Euler,  IHff,  Cole.) 

(45.)  smx/(l-aJ/^),    x=ir.  (46.)  aj  {cos(a/a;)-l},    jc=oo. 

(47.)  (Bin aj- sin a)/(a;- a),    a;=a.  (48.)  sec«-tanx,    aj=Jir. 

(49. )  (sin^  -  tsm*x)/{l  +  cos  «)  (1  -  cos  «)»,    «= 0. 

(50.)*  sinhaj/jc,    a;=0.  (51.)  (cosha;-l)/«3,    x=0. 

(62.)  tanh-^/aj,    aj=0.  (58.)  sinaj/log(l+a;),    x=0. 

(54.)  sinajloga:,    aj=0:  (55.)  cos  aj  log  tan  a;,    a;=iir. 

(56.)  log  tan  TTw/log  tan  na:,    x=0, 

(57. )  (log  sin  wia;  -  log  aj)/(log  sin  na;  -  log  a;),    a; = 0. 

(58.)  sinaj**^^    x=0.  (59.)  sina;<*°^    a;=0. 

(60.)  (8mha:)*»n«     ^.^q^ 

(61.)  {(a;/a)sin(a/a;)}«~(m<2),    aj=oo. 

(62.)  (cosma;)-/**,     aj=0.  (68.)  (co8»na;)«>««*~',     a;=0. 

(64.)  (2-aj/a)*««^/2«,    x=a. 

'   (65.)  loge(log«x)/cos^    a;=e. 

(66. )  Show  that  sin  x  cot  (a/x)  log  (1  +  tan  (a/x))  has  no  determinate  limit 
whena;=oo. 

(67.)  If  la^x  stand  for  loga  (log^aj),  IJx  for  loga(loga(log„a;)),  &c.,  show 
that  L  [1-  {?aV^«''(a;+l)}«]a^„a;Za^.  .  .  ?a'a;=m(?a€)^.    (Schlondlch, -42^«. 

£=00 

braische  Analysis^  chap,  ii.) 
«=» 
(68.)  Show  that  L      S  (a-h5)i/"/n=l. 
n=«)  ««=1 
«=n 
(69.)  Show  that  L     S  {(a+«)/w}«  lies  between  ««  and  e"H 
n=Qos=l 
«=n 
(70.)  Show  that  L     S  { (a + scln)/{a  +  c) } »  is  finite  if  a + c  be  numerically 
n=oo  »=l 

greater  than  a,  and  that  L  S  { (a + sc/n)la}  *»  is  finite  if  a + c  be  numerically 
less  than  a.  n=co«=i 

(71.)  Trace  the  graph  of  y=(a'-  l)/aj,  when  a>l,  and  when  a<l. 

(72.)  Trace  the  graph  of  y=a:^/*  for  positive  values  of  x;  and  find  the 
direction  in  which  the  graph  approaches  tlie  origin. 

•  For  the  definition  and  elementary  properties  of  the  hyperbolic  functions 
cosha;,  sinha:,  tanha;,  &c.,  see  chap.  xzix.  All  that  is  really  wanted  here  is 
co8ha:=J(<J*  +  «-*),  sinha;=J(e*-6-*). 
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(73.)  Trace  the  graph  of  y={l  +  llxf;  and  find  the  angle  at  which  it 
crosses  the  axis  of  y. 

(74.)  Find  the  orders  of  the  zero  and  infinity  values  of  y  when  determined 
as  a  function  of  x  by  the  foUowing  equations : — * 

(o)    a<aj?-ay)2-y»=0.     (Frost's  Cfwrve  Tracing,  §  166,  Ex.  8). 
iP)    ajV+aV-aV+aa^-a^=0.    (/ft.,  Ex.  7.) 
(7)    (a:-l)y»+(a:»-l)y»-(aJ-2)V+a<a5-2)=0. 

(75.)  If  tf  and  v  be  functions  of  the  integral  variable  n  determined  by  the 

equations  ttn=Un-i+Vft^u  Vn=Kw-i,  show  that  L  iWv*i=(l^V^)/^*    How 

n=oo 

ought  the  ambiguous  sign  to  be  settled  when  uq  and  Ui  are  both  positive  t 

(76.)  Show  that 

(77.)8howth.t  L    f(">+l)(">+2)-  ••(">+") p^i. 
»=«\  1.2.  .  .»  / 

*  For  a  general  method  for  dealing  with  such  problems,  see  chap,  zxx. 
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CHAPTER   XXVL 

Oonvergence  of  Infinite  Series  and  of  Infinite 
Products. 

§  1.]  The  notion  of  the  repetition  of  an  algebraical  operation 
upon  a  series  of  operands  formed  according  to  a  given  law 
presents  two  fundamental  difficulties  when  the  frequency  of  the 
repetition  may  exceed  any  number,  however  great^  or,  as  it  is 
shortly  expressed,  become  infinite.  Since  the  mind  cannot  over- 
look the  totality  of  an  infinite  series  of  operations,  some  defini- 
tion must  be  given  of  what  is  to  be  understood  as  the  result  of 
such  a  series  of  operations;  and  there  also  arises  the  further 
question  whether  the  series  of  operations,  even  when  its  meaning 
is  defined,  can,  consistently  with  its  definition,  be  subjected  to 
the  laws  of  algebra  which  are  in  the  first  instance  laid  down  for 
chains  of  operations  wherein  the  number  of  links  is  finite.  That 
the  two  difficulties  thus  raised  are  not  imaginary  the  student 
will  presently  see,  by  studying  actual  instances  in  the  theory  of 
sums  and  products  involving  an  infinite  number  of  summands 
and  multiplicands. 

§  2.]  One  very  simple  case  of  an  infinite  series,  namely,  a 
geometric  series,  has  already  been  discussed  in  chap,  xx., 
§  15.  The  fact  that  the  geometric  series  can  be  summed  con- 
siderably simplifies  the  first  of  the  two  difficulties  just  men- 
tioned ;*  nevertheless  the  leading  features  of  the  problem  of 
infinite  series  are  all  present  in  the  geometric  series ;  and  it  will 
be  found  that  most  questions  regarding  the  convergence  of 
infinite  series  are  ultimately  referred  to  this  standard  case. 

*  The  second  was  not  considered. 
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CHAP.  XXVI    CONVERGBNCY,  DIVERGENCY,  OSCILLAn^^-i^  JOl 

The  consideration  of  the  infinite  geometric  series  sul^p^ 
the  following  definition&  "^^ 

Consider  a  succession  of  finite  real  summands  Ui,u„u„.  .  ., 
ttn,  .  .  .,  unlimited  in  number,  formed  according  to  a  given  law, 
so  that  the  nth  term  tt^  is  a  finite  one-valued  function  of  n ;  and 
consider  the  successive  sums 


When  n  is  increased  more  and  more,  one  of  three  things  must 
happen : — 

1st.  Sn  may  approach  a  fixed  finite  qaaiUity  S  in  suck  a  way  thai 
by  increasing  n  sufficiently  toe  can  make  Sn  differ  from  8  by  as  lUtte  as 
we  please ;  thai  «,  in  the  notation  of  last  chapter,  L  S^  =  S.  In 
this  case  the  series  *'^* 

is  said  to  be  cx)NVKRGENT,  and  to  converge  to  the  value  S,  which  is 
spoken  of  as  the  sum  to  infinity. 

Example.  1  +  5+7+  •  •  •  +oJ;+  •  •  •    Here  S=  L  S»=2. 
^    *  ^  n-co 

2nd.  Sn  may  increase  with  n  in  such  a  way  that  by  increasing  n 

sufficiently  we  can  make  the  numerical  value  of  Sn  exceed  any  quantity, 

however  large  ;  thai  »,  L  Sn  =  <3o .     In  this  case  the  series  is  said  to 

be  DIVERGENT.  *"* 

Example.  1+2  +  3+ .  .  .    Here  L  8^=00. 

nsoo 

3rd.  Sn  may  neither  become  infinite  nor  approach  a  definite  limii, 
but  oscillate  between  a  number  of  finite  values  the  selection  among 
which  is  determined  by  the  integral  character  of  n,  that  is,  by  such 
considerations  as  whether  n  is  odd  or  even  ;  of  the  form  Stw,  3m  +  1, 
Zm  +  2,  &c.     In  this  case  the  series  is  said  to  oscillate. 

Example.  8-1-2  +  8-1-2  +  8-1-2+.  .  .      Here  L  S„=0,  8,  or  2, 
according  aa  » is  of  the  form  8m,  8m + 1,  or  8m +2.  *** 

In  cases  2  and  3  the  series 

tt,+«g  +  t^+.    .   .   +ttn+.    .   . 

is  also  said  to  be  non-converger^.      In  many  important  senses 
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102  CRITERIA  FOR  CONVERGENCY  chap. 

non-convergent  series  cannot  be  said  to  have  a  sum ;  and  it  is 
obvious  that  infinite  series  of  this  description  cannot,  except  in 
special  cases,  and  under  special  precautions,  be  employed  in 
mathematical  reasoning. 

Series  are  said  to  be  more  or  less  rapidly  convergerU  according 
as  the  number  of  terms  which  it  is  necessary  to  take  in  order  to 
get  a  given  degree  of  approximation  to  the  sum  is  smaller  or 
larger.  Thus  a  geometric  series  is  more  rapidly  convergent  the 
smaller  its  common  ratio.  Rapid  convergency  is  obviously  a 
valuable  quality  in  a  series  from  the  arithmetical  point  of  view. 

It  should  be  carefully  noticed  that  the  definition  of  the  con- 
vergency of  the  series 

«,  +  tt,  +  t^  +  .    .    .  +  fin  +  •    •   • 

involves  the  supposition  that  the  terms  are  taken  successively  in 
a  given  order.  In  other  words,  the  sum  to  infinity  of  a  conver- 
gent series  may  be,  so  far  as  the  definition  is  concerned, 
dependent  upon  the  order  in  which  the  terms  are  written.  As  a 
matter  of  fact  there  is,  as  was  first  pointed  out  by  Dirichlet,  a 
class  of  series  which  may  converge  to  one  value,  or  to  any  other, 
or  even  become  divergent,  according  to  the  order  in  which  the 
terms  are  written. 

§  3.]  Two  essential  conditions  are  involved  in  the  definition 
of  a  convergent  series — 1st,  that  S„  shall  not  become  infinite 
for  any  value  of  n,  however  great;  2nd,  that^  as  n  increases, 
there  shall  be  continual  approach  to  a  definite  limit  S.  If  we 
introduce  the  symbol  ^^  to  denote  u^+i  +  «*«+«  + .  .  .  +  tin+my 
that  is,  the  sum  of  m  terms  following  the  nth,  we  may  state  the 
following  criterion : — 

The  necessary  and  sufficient  conditions  for  the  convergency  of  a 
series  are  that  Sn  be  finite  for  all  values  of  n;  and  that,  by  taltmg  n 
sufficiently  great,  it  be  possible  to  make  m|tn  <^  small  as  we  please^  no 
m/atter  what  the  value  of  m  may  be. 

That  Sn  must  be  finite  is  obvious  from  the  definition  of 
convergency.      Since   L  Sn  =  S  (where   S   is   finite),  therefore 
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XXVI  RESIDUE  AND  PAKTIAL  RESIDUE  103 

L  S„+,„  =  S.      Hence    L  (S„+„  -  S„)  =  S  -  S  =  0  j    that  is, 
L  „R„  =  0. 


n=ao 


The  two  conditions  are  sufficient.  For,  since  Sn  is  finite  for 
all  values  of  n,  the  limit  of  Sn  cannot  be  infinite.  Also  the  limit 
of  Sn  cannot  have  one  finite  value  when  n  has  any  particular 
integral  character,  and  another  value  when  n  has  a  different 
integral  character ;  for  any  such  result  would  involve  that  L  S^ 

n=oo 

and  L  S^+m  should  have  different  values ;  but  such  cannot  be 

the  case,  since  L(Sn+m  -  S^)  =  Lm^  =  0. 

The  above  criterion  is  often  stated  with  the  omission  of  the 
first  part  regarding  the  finiteness  of  Sn,  it  being  implied  that 
the  second  condition  L  ^En  =  0  involves  the  first.    Cauchy,  the 

n=oo 

originator  of  the  modem  theory  of  convergence,  states  the 
matter  in  this  way.  The  discussion  of  this  subtle  point  need 
not  be  taken  up  here,  because  in  most  cases  a  slight  alteration 
of  the  demonstration  which  proves  that  L  „iB^  =  0  shows  that 

n=oo 

Sn  is  always  finite. 

Cor.  1.  In  any  convergent  series  L   Un  =  0. 

71=00 

For  t*n  =  Sn-Sn-i  =  iRn-i>  ^nd,  by  the  criterion  for  con- 
vergency,  we  must  have  L  iRn-i  =  0.     This  condition,  although 

n=oo 

necessary,  is  not  of  itself  sufficient,  as  will  presently  appear  in 
many  examples. 

Cor.  2.  Tjf  En  =  L  ^R^,  and  S  and  Sn  have  the  meanings  above 

m=oo 

assigned  to  them,  then  Sn  =  S  -  En- 

For  Sn+m  =  S„  +  m^y  therefore  L  Sn+m  =  Sn  +  L  rn^n  I  and 

m=soo  m=oo 

L  Sn+m  =  S,  hence  the  theorem.    En  is  usually  called  the  residue 

msoo 

of  the  series,  and  y^  a  partial  residue.  Obviously,  the  smaller 
En/Sn  is  for  a  given  value  of  ny  the  more  convergent  is  the 
series ;  for  En  is  the  difference  between  Sn  and  the  limit  of  Sn 
when  n  is  infinitely  great.  En  is,  of  course,  the  sum  of  the 
infinite  series  Un+i +t^+9  +  tfn+2  +  *  •  •;    ^^^  ^^  is   an  obvious 
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remark  that  the  residue  of  a  convergent  series  is  itself  a  canvergeni 
seiies. 

Cor.  3.  The  convergency  or  divergency  of  a  series  is  not  affected 
by  neglecting  a  finite  number  of  its  terms. 

For  the  sum  of  a  finite  number  of  terms  is  finite  and  definite ; 
and  the  neglect  of  that  sum  alters   L  Sn  merely  by  a  finite 

n=oo 

determinate  quantity ;  so  that,  if  the  series  was  originally  con- 
vergent^ it  wiU  remain  so  ;  if  originally  oscillating  or  divergent^ 
it  will  remain  so. 

Example  1.  Consider  the  aeries  1/1  + 1/2  + 1/3  +  .  .  .  +l/«+  .  .  . 
Here,JU=l/(»+l)  +  l/(»  +  2)+  .  .  .  +l/(?i+m), 
>  1/(71 +OT)  +  l/(n  +  m)+  .  .  .  +l/(?t  +  m), 
>m/(7t+m), 
>l/(n/m  +  l). 
Now,  however  great  n  may  be,  we  can  always  choose  m  so  much  greater  that 
n/m  shall  be  less  than  any  quantity,  however  small.    Hence  we  cannot  cause 
mRit  to  vanish /or  all  values  of  m  by  sufficiently  increasing  n.    We  therefore 
conclude  that  the  series  is  not  convergent,  notwithstanding  the  fact  that  the 
terms  ultimately  become  infinitely  small.    We  shall  give  below  a  direct  proof 
thatLS„=oo. 

Example  2. 

Xlogj^3  +  ^log^+  •  •  •  +SS^+|- 

Since  (n  + 1  yin(n  +  2)  =  (1  +  1/n)/  {1  +  l/(7i  + 1)} ,  we  have 

R_-_li     l  +  l/(n  +  l)       1         1  +  1/(71  +  2) 
'"^"•»  +  l^°«l  +  l/(7i+2)"*"n+2^°Sl  +  l/(7i+3) 

"^  •  •  •  "^n  +  Tii    ^l  +  l/(n+m  +  iy 
<    1     f,     l-H/(n  +  l)         l  +  l/(7t+2)  1  + 1/(71 +  m)     ) 

^77?iV^«i+i/(7i+2)-^^^«i+i/(7i+8)+  •  •  •  +^°«iTi7(^-"7;Hmr 

1     ,  1  +  1/(71+1)  ... 

^7m^^«i+i/(7i+m+r)  ^^^• 

Now,  whatever  m  may  be^  by  making  n  large  enough  we  can  make  l/(7i+l), 
and,  a  fortiorii  l/(7i+m+l),  as  small  as  we  please,  therefore  L  mBii=0  for 
all  values  of  m.  ~=* 

If  in  (1)  we  put  0  in  place  of  n,  and  n  in  place  of  m,  and  observe  that 
Si»=fil^  we  see  Uiat 

Q  ^1         1  +  Vl     . 
^""^^»iTi7(nTI)' 
so  that  Sn  can  never  exceed  log  2  whatever  n  may  be. 
Both  conditions  of  convergency  are  therefore  satisfied. 
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Putting  m=ao  in  (1),  we  find  for  the  residue  of  the  series 

Rn<[log{l  +  l/(»+l)}]/(«+l); 

a  result  which  would  enable  us  to  estimate  the  rapidity  of  the  convergency, 
and  to  settle  how  many  terms  of  the  series  we  ought  to  take  to  get  an  approxi- 
mation to  its  limit  accurate  to  a  given  place  of  decimals. 

§  4.]  The  following  theorems  follow  at  once  from  the 
criterion  for  convergency  given  in  last  paragraph.  Some  of 
them  will  be  found  very  useful  in  discussing  questions  regarding 
convergence.  We  shall  use  2un  as  an  abbreviation  for  u^  +  u^ 
+ .  .  .  + 1^  +  .  .  .,  that  is,  "the  series  whose  nth  term  is  %„." 

I.  If  Un  and  Vn  be  positive,  Un<VnfoT  all  values  of  «,  and  2t;„ 
convergeni,  then  '2un  is  convergent. 

If  Un  and  Vn  be  positive,  Un>Vn  for  all  values  of  n,  and  2t7„ 
divergent,  then  'Zun  is  divergent. 

For,  under  the  first  set  of  conditions,  the  values  of  S^  and 
mRn  belonging  to  Dit„  are  less  than  the  values  of  the  correspond- 
ing functions  S  n  &nd  ^E »  belonging  to  Sv^.  Hence  we  have 
0  <  Sn  <  S'n,  0  <  «Rn  <  tiiR  n-  But,  by  hypothesis,  S'„  is  finite  for 
all  values  of  n,  and  L  ^^'n  =  0 ;  hence  S^  is  finite  for  all  values 

n=oo 

of  n,  and  L  ^B^  =  0 ;  that  is,  I>Un  is  convergent. 
«=« 

Under   the   second    set    of    conditions,   Sn>Sn*      Heqce, 

since  L  S  «  =  « ,  we  must  also  have  L  Sn  =  cao ;  that  is,  2^^  is 

n=Go  nsoo 

divergent. 

II.  If  for  all  values  of  n,  v„>0,  and  u^jv^  is  finite,  then 
2ttn  is  convergent  if  ^v^  is  convergent,  and  divergent  if  2^^  is 
divergent. 

By  chap,  xxiv.,  §  5,  if  A  be  the  least,  and  B  the  greatest  of 
the  fractions,  tt^+i/^n+i,  «n+«K+«,  .  .  .,  Un+ml'^n+m,  then 

^n+i  +  «^n+«  +  .   .   .  +  Vn+m 

Now,  since  Un/vn  is  finite  for  all  values  of  n,  A  and  B  are 
finite.  Hence  we  must  have  in  all  cases  ^I^  =  C^I^  n»  where  C 
is  a  finite  quantity  whatever  values  we  assign  to  m  and  n. 
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HoDce  Sn  (that  is,  nRo)  ^^^  ^  finite  or  infinite  according  as 
S'n  is   finite   or  infinite;    and  if  L  ^'„  =  0,   we   must   also 

n=oo 

have  L  ^En  =  0. 

n=oo 

III.  If  Un  and  Vn  he  positive,  and  t/,  for  aU  values  of  n, 
Un^Jun  <  Vn+i/vnt  and  Sw^  «  Convergent,  then  2w„  is  convergent ;  and 
if  ^n+i/%>  ^'n+i/^nj  and  2vn  is  divergent,  then  2w„  is  divergent 

We  have,  if  Wn+i/%<»n+i/»n, 


I         u,      U^    U,       '         j 
( ^      Vg     v,   v^  1 


^«i«, 
^^.^- 


«?, 


Now,  by  hypothesis,  LS'„  is  finite :  hence  LS„  must  be  finite. 
Also,  since  all  the  terms  of  2%  ^^^  positive,  the  series  cannot 
oscillate,  therefore  ^Un  must  be  convergent. 

In  like  manner,  we  can  show  that,  if  «^+i/ttn>Vn+i/^»i  and 
2»n  be  divergent,  then  2%  is  divergent. 

N.B, — In  Theorems  I.,  II.,  III.  we  have,  for.  simplicity, 
stated  that  the  conditions  must  hold  for  all  values  of  n ;  but 
we  see  from  §  3,  Cor.  3,  that  it  is  sufficient  if  they  hold  for  all 
values  ofn  exceeding  a  certain  finite  value  r;  for  all  the  terms  up  to 
the  rth  in  both  series  may  be  neglected. 

It  is  convenient  to  speak  of  t*n+i/^i»  as  the  Baiio  of  Converg- 
ence of  2Mn.  Thus  we  might  express  Theorem  III.  as  fol- 
lows : — Any  series  is  convergent  (divergent)  if  its  ratio  of  con- 
vergence is  always  less  (greater)  than  the  ratio  of  convergence 
of  a  convergent  (divergent)  series. 

IV.  If  a  series  which  contains  negative  terms  be  convergent  when 
all  the  negative  terms  have  their  signs  changed,  it  will  he  converge  as 
it  stood  originally. 

For  the  effect  of  restoring  the  negative  signs  wUl  be  to 
diminish  the  numerical  value  both  of  S^  and  of  m^- 
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Definition. — A  series  which  is  convergent  when  all  its  terms  are 
taken  positively  is  said  to  be  absolutely  convergent. 

It  will  be  seen  immediately  that  there  are  series  whose 
convergency  depends  on  the  presence  of  negative  signs,  and 
which  become  divergent  when  all  the  terma  are  taken  posi- 
tively. Such  series  are  said  to  be  semi- convergent.  In  §§  5 
and  6,  unless  the  contrary  is  indicated,  we  suppose  any  series 
of  real  terms  to  consist  of  positive  terms  only,  and  convergence 
to  mean  absolute  convergence. 


SPECIAL  TESTS   OF  CONVERGENCY  FOR  SERIES  WHOSE  TERMS 
ARE  ULTIMATELY  ALL   POSITIVK 

§  5.]  If  we  take  for  standard  series  a  geometric  progression, 
say  Sr**,  which  will  be  convergent  or  divergent  according  as 
r<  or  >  1,  and  apply  §  4,  TL  L,  we  see  that  2Wn  will  be  con- 
vergent if,  on  and  after  a  certain  finite  value  of  n,  t^«<r^*, 
where  r  <  1 ;  divergent  if,  on  and  after  a  certain  finite  value  of 
w,  Un  >  r*,  where  r  >  1.     Hence 

I.  Stfn  is  convergent  or  divergent  according  as  Uf}^^  is  vltimaiely 
less  or  greater  than  unity. 

This  test  settles  nothing  in  the  case  where  Uj^f^  is  ultimately  unity. 

Example.  21/(1  +  1/n)     is  a  convergent  series  ;  for 

L  Wn'/»=1/L(l  +  1/?1)"=1/C, 

n=oo 
by  chap,  xxv.,  §  13,  where  6>2,  and  therefore  1/6<1. 

If,  with  the  series  2>^  for  standard  of  comparison,  we  apply 
§  4,  Th.  III.,  we  see  that  2^^  is  convergent  or  divergent  accord- 
ing as  Un+i/un  is.  On  and  after  a  certain  finite  value  of  n,  always 
<  1  or  always  >  1.     Hence 

IL  2un  is  convergent  or  divergent  according  as  its  ratio  of 
convergency  is  ultimately  <  or  >  1. 

Nothing  is  settled  in  the  case  where  the  ratio  of  convergency  is 
ultimately  equal  to  1. 
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The  examination  of  the  ratio  iin^i/Uf^  is  the  most  useful  of 
all  the  tests  of  convergence.*  It  is  sufficient  for  all  the  series 
that  occur  in  elementary  mathematics,  except  in  certain  extreme 
cases  where  these  series  are  rarely  used.  In  f  act^  this  test,  along 
with  the  Condensation  Test  of  §  6,  will  suffice  for  the  reader 
who  is  not  concerned  with  more  than  the  simpler  applications  of 
infinite  series. 

Notwithstanding  their  outward  difference.  Tests  I.  and  IL  are 
fundamentally  the  same.  This  will  be  readily  seen  by  recalling 
the  theorem  of  Cauchy,  given  in  chap,  xxv.,  §  14,  which  shows 
that  L  Wn+i/^n=  !•  %^'**«    It  is  useful  to  have  the  two  forms  of 

n=ao  nssoo 

test,  because  in  certain  cases  I.  is  more  easily  applied  than  IL 

Example  1.  To  test  the  convergence  of  Sn'a^,  where  r  and  x  are  constants. 
We  have  in  this  case 

=  (H-l/7i)'-aj. 
Hence  Litn+iltin=x,    The  series  is  therefore  convergent  if  a5<l,  and  diverg- 
ent if  x>l. 

If  x=l,  we  cannot  settle  the  question  by  means  of  the  present  test. 

Example  2.  If  <l>{n)  be  any  algebraical  function  of  n,  S^»)«»  is  con- 
vergent if  aj<  1,  divergent  if  a;>  1. 

This  hardly  needs  proof  if  L  0(n)  be  finite.     If  L  ^(n)  be  infinite,  we 

n=oo  n=oo 

know  (see  chap,  xxx.)  that  we  can  always  find  a  positive  value  of  r,  such 

that    L  <p{7i)/n^  is  finite,  =  A  say.     We  therefore  have 
n=» 

IiW«+l/Wn  =  «Ii0(n+  l)/0(7l), 

=x{AIA}  xl, 
=x. 

This  very  general  theorem  includes,  among  other  important  cases,  the 
intogro-geometric  series 

^l)aj+^(2)a«+.  .  .  +  0(n)af-H.  .  . 

where  0(n)  is  an  integral  function  of  n ;  and  the  series 

which,  as  we  shall  see  in  chap,  xzviii.,  represents  (when  it  is  conveigent) 

*  We  here  use  (as  is  often  convenient)  "  convergence  "  to  mean  **  the  quality 
of  the  series  as  regards  convergency  or  divergency." 
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-log(l-a;).  It  follows,  by  §  4,  Th.  IV.,  that  since  the  series  (1)  is  con- 
vergent when  x<l,  the  series 

f-?^- ••(-)--'?-•••  (^) 

is  also  conyergent  when  x<.l. 

When  (2)  is  convergent,  it  represents  log(l  +x). 

Example  8.  2a^/n !  (the  Exponential  Series)  is  convergent  for  all  values 

Un^ilun=  {aj»+V(^+l)!}/{*"M!}, 
=xl(n+l). 

Hence,  however  great  x  may  be,  since  it  is  independent  of  n,  we  may  always 
choose  r  so  great  that,  for  all  values  of  7i>r,  aj/(7i+l)<l.  Since  the  limit 
of  the  ratio  of  convi^rgence  is  zero  in  this  case,  we  should  expect  the  converg- 
ency  for  moderate  values  of  a;  to  be  very  rapid  ;  and  this  is  so,  as  we  shall 
show  by  examining  the  residue  in  a  later  chapter. 

Example  4.  2(-)*m(m-l)  .  .  .  (m-w+l)aJ"/n!  {x  positive),  where  m 
has  any  real  value,*  is  convergent  if  a;<  1,  divergent  if  aj>  1. 

For  LwH+iK=-ajL^^ 

-  m/n  - 1 

=aj. 
Hence  the  theorem. 

The  series  just  examined  is  the  expansion  of  (l-se)*^  when  a;<l.  It 
follows,  by  §  4,  Th.  IV.,  that  the  series  27ii(m-l)  .  .  .  (m-n  +  l)aj"/?i!, 
whose  terms  are  ultimately  alternately  positive  and  negative,  is  convergent  if 
x<l;  this  series  is,  as  we  shall  see  hereafter,  the  expansion  of  (1  +x)*"  when 
a:<l. 

§  6.]  Cauchi/s  Condensation  Test. — The  general  principle  of 
this  method,  upon  which  many  of  the  more  delicate  tests  of 
convergence  are  founded,  will  be  easily  understood  from  the 
following  considerations : — 

Let  ^Un  be  a  series  of  positive  terms  which  constantly  de- 
crease in  value  from  the  first  onwards.  Without  altering  the 
order  of  these,  we  may  associate  them  in  groups  according  to 
•some  law.  If  t^i,  t;,,  .  .  .  v^,  ...  be  the  Ist^  2nd, .  .  .  mth,  ...  of 
these  groups,  the  series  ^v^  wiU  contain  all  the  terms  of  ^u^ ; 
and  it  is  obvious  from  the  definition  of  convergency  that  ^u^ 
is  convergenlf  or  divergent  according  as  Df^  is  convergent  or 

*  If  m  were  a  positive  integer,  the  series  would  terminate,  and  the  ques- 
tion of  convergency  would  not  arise. 
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divergent ;  we  have  in  fact  L  Dun  =  L  l/o^.     It  is  clear  that  the 

convergency  or  divergency  of  ^v^  will  be  more  apparent  than 
that  of  2tt„,  because  in  Sr^  we  proceed  by  longer  steps  towards 
the  limit,  the  sum  of  n  terms  of  l.v^  being  nearer  the  common 
limit  than  the  sum  of  n  terms  of  2i^     Finally,  if  2t;'n  be  a  new 

series  such  that  t;'^  ^  v^  then  obviously  2t^n  is  ,.  *    ^^  ^^'» 

.    convergent 
divergent 
We  shall  first  apply  this  process  of' reasoning  to  the  following 
case: — 

Example.  The  series  1/1  +  1/2+ .  .  .+!/»+.  .  .  is  divergent. 

Arrange  the  given  series  in  groups,  the  initial  terms  in  which  are  of  the 
following  orders,  1,  2,  2',  .  .  .  2"*,  2™+^,  .  .  .  The  numbers  of  terms  in  the 
successive  groups  will  be  2  - 1,  2«  -  2,  2*  -  2^  .  .  .  2"»+*  -  2",  2*»+2  -  2*"+*,  .  .  . 
respectively.  Since  the  terms  constantly  decrease  in  value,  if  2*+'  be  the 
greatest  power  of  2  which  does  not  exceed  w,  then 

>l  +  (2'-2)l+(2»-2«)^+.  .  .  +(2«+i-2-')2l5, 
>H.1  +  |+ .  .  . +1, 

Hence,  by  making  n  sufficiently  great,  we  can  make  Sn  as  large  as  we  please. 
The  series  1/1  + 1/2  + 1/3  +  .  .  .  is  therefore  divergent.  This  might  also  be 
deduced  from  the  inequality  (6)  of  chap,  xxv.,  §  25. 

Cauchy's  Condensation  Test,  of  which  the  example  just  dis- 
cussed is  a  particular  case,  is  as  follows : — 

Iff{n)  he  positive  for  all  values  of  n,  and  constantly  decrease  as 
n  increases^  then  ^f{n)  is  convergent  or  divergent  according  as  '2a^f(a'^) 
is  convergent  or  divergent,  where  a  is  any  positive  integer -^2, 

The  series  2/(»)  may  be  arranged  as  follows : — 

[/(I)  + .  . .  +/(a  -  1)]  +  {/(a)  +/(a  +  1)  +  .  .  .  +/(a'  -  1) } 

+  {/(«•)+/(«'+!)+ •••+/):«• -1)} 


+  {/(a'»)+/(a'»+l)+  .  .  .  +/(rt«»+i_l)} 
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Hence,  neglecting  the  finite  number  of  terms  in  the  square 
brackets,  we  see  that  2/(n)  is  convergent  or  divergent  accord- 
ing as 

2  {/(«"»)  +y(a«+  1)  +  .  .  .  +/(a"*+i  -  1)}  (1) 

is  convergent  or  divergent  Now,  since /(a*»)>/(a*"  +  1)>  .  .  . 
>/(a"*+i  -  l)>/(a*"+^),  we  have 

(a«+i-a'»y(a«)>/(a'»)+/(a«+l).+  .  .  .  +/(a«*+i  - 1) 
>(a«»+i-a'»}/'(a«+i), 
that  is, 

(a  -  l)a"*/(a^)>/(a"*)  +/(a^  +  1)  +  .  .  .  +^a»»+i  -  1) 
>{(a-l)/a}a'~+y(a"»+i). 

Hence,  by  §  4,  Th.  I.,  the  series  (1)  is  convergent  if  2(a  -  1) 
a^f{a^)  is  convergent,  divergent  if  2{(a- l)/a}a*"+y(a"*+^)  is 
divergent.  Now,  by  §  4,  Th.  H.,  2(a  -  \)a^f{a^)  is  convergent 
if  la^fifl^)  is  convergent^  and  2{(a- l)/a}a'*+y(a'»+^)  is 
divergent  if  2a'"+y(a'"+^)  is  divergent;  and  for  our  present 
purpose  2a"*/(a"*)  and  2a"*+y(a"*+^)  are  practically  the  same 
series,  say  2a'y(a**).     Hence  Cauchy's  Theorem  is  established. 

N.B. — It  is  obviously  sufficient  that  the  function  f{n)  he  positive 
and  constantly  decrease  for  aU  values  of  n  greater  than  a  certain  finite 
valuer. 

Cor  1.  The  theorem  will  stUl  hold  if  a  have  any  positive  value 
not  less  than  2. 

Let  a  lie  between  the  positive  integers  h  and  b+l,  (6^2). 
If  2a^f{a^)  be  convergent^  then  L  a^f{a^)  =  0,  that  is,  L  xf{x)  =  0. 

n=oo  «=oo 

Hence,  on  and  after  some  finite  value  of  x^  the  function  xf{x)  will 
begin  to  decrease  constantly*  as  x  increases.  We  must  therefore 
have  (ft+  1)Y{(6+  l)'*}<a**/(a**),  on  and  after  some  finite  value 
of  n.  If,  therefore,  2a"/(a»)  is  convergent,  a  fortiori^  will  2)(ft  +  1)» 
/{ (6  +  1)** }  be  convergent,  and  therefore,  by  Cauch/s  Theorem, 
2/(n)  will  be  convergent. 

If  2rt»/(a**)  be  divergent,  xfi^  V  may,  or  2*  may  not  decrease 
as  z  increases. 

*  This  assumes  that  7f{x)  has  not  an  infinite  number  of  turning  values ; 
so  that  we  can  take  x  so  great  that  we  are  past  the  last  turning  value,  which 
mitst  be  a  maximum. 
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In  case  V,  b^f(b^)  >  a^f{aP).  Hence  ttie  divergence  of  2aY(a*) 
involves  the  divergence  of  2fty(6**) ;  and  the  divergence  of  2/(«) 
follows  by  the  main  theorem. 

In  case  2°,  the  divergence  of  2/(n)  is  at  once  obvious ;  for, 

if  L  xf{x)  +  0,  then  ultimately  xf{x)  >  A,  where  A  >  0.     Hence 

«=« 

f{x)>A/x.     Now  2A/n  is  divergent,  since  21 /n  is  divergent; 
therefore  2/(n)  is  divergent. 

In  what  follows  we  shall  use  ea:,  c'^,  .  .  .  to  denote  a', 
a"*  .  .  . ,  a  being  any  positive  quantity  <t2 ;  and  Xz,  X\  .  .  . 
lx,Px,..  .to  denote  logaic,  loga(logaa;), .  .  .  logeO:,  log«(loga«),  .  .  ., 
where  e  is  Napier's  Base. 

Cor.  2.  2/(»)  is  convergent  or  divergent  according  as  2€n€'n  .  .  . 
€^nf{€^n)  is  convergent  or  divergent. 

This  follows,  for  integral  values  of  the  base  a,  by  repeated 
application  of  Cauchy*s  Condensation  Test ;  and,  for  non-integral 
values  of  a,  by  repeated  applications  of  Cor.  1.  Thus  2/(n)  is 
convergent  or  divergent  according  as  2€n/(€n)  is  convergent  or 
divergent.  Again,  X&if{€n)  is  convergent  or  divergent  according 
as  2€?i€(€w)/{€(€n)},  that  is  l.€n€nf{^n\  is  convergent  or  divergent ; 
and  so  on. 

Cor.  3.  2/(n)  is  convergent  or  divergent  according  as  the  first  of 
the  functions 

To=Xf(x)lx, 

T,  =  X{xf{x)}lXx, 

%=:X{x\xf{x)}IX\ 

T!r  =  X{xXxX^x  .  .  .  X^-hf{x)}/X% 


which  does  not  vanish  when  a;  =  oo ,  has  a  negative  or  a  positive  limit 
By  Cor.  2,  2/(«)  is  convergent  or  divergent  according  as 

2«W€V  .  .  .  ^nf{fn)  is  convergent  or  divergent. 

Now  the  latter  series   is  (by  §  5,  Th.  L)  convergent  or 

divergent  according  as 

L{(n€^n  .  .  .  €''nf{€^n)}^l''<OT>l; 

that  is,  according  as 

L  loga  { ^''n  .  .  .  t^'nfi^n)  }i/« <>  0 ; 
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that  is,  L  loga  {  men  .  .  .  e'^nf^^n)  }/rK>0. 

If  we  put  x  =  ^n,  so  that  Xx  =  ^'\  >?x  =  ^-\  .  ... 
A''~^iB  =  en,  A'a;  =  w,  and  x  =  oo  when  n  =  oo ,  the  condition  for 
convergency  or  divergency  becomes 

L  k{xkikhi  .  .  .  Xr-'^xf(x)}/X''x<>0  (1). 

.  If,  on  the  strength  of  Cor.  1,  we  take  e  for  the  exponential 
base,  the  condition  may  be  written 

L  l{xldhi  .  .  .  lr-'^xf{x)}/Vx<>0  (2), 

where  all  the  logs  involved  are  Napierian  logs. 

We  could  establish  the  criterion  (2)  without  the  intervention 
of  Cor.  1  by  first  establishing  (1)  for  integral  values  of  a, 
and  then  using  the  theorem  of  chap,  xxv.,  §  12,  Example  4, 
thatL  X^xjl^x^ljla. 

Cor.  4.  Each  of  the  series 

21/^^-*-  (1), 

21/?i  {/«}!+•  (2), 

21/nZ»{fti}i+-  (3), 
•         •         •         . 

•    "El/nlnPn  .  .  .  l^-H  {Vn}^'^''  (r+1), 


is  convergent  i/"  a  >  0,  and  divergent  if  a  =  or<0. 

As  the  function  nlnPn  .  .  ,  l^n  frequently  occurs  in  what 
follows,  we  shall  denote  it  by  Pr(n) ;  so  that  Po(7i)  =  n,  Pi(w)  = 
nluy  &C. 

1st  Proof — Apply  the  criterion  that  2/(7i)  is  convergent  or 
divergent  according  as  JJ  { 'Pr{x)f{x)  }/l^'^hi <>  0.  In  the  pre- 
sent case,  f{x)  =  1/Pr(aj)  {l^xy.     Hence 

I  { TAxV(x)  w+hc = I  { wxr  }/i^+% 

.    =  —  cu 

It  follows  that  (r+1)  is  convergent  if  a>0,  and  divergent 
if  a  <  0.  If  a  =  0,  the  question  is  not  decided.  In  this  case, 
we  must  use  the  test  function  one  order  higher,  namely, 
I  { Fr+,{x)f{x)  }//'"+2ai     Since  f{x)  =  1/Pr(a;),  we  have 

VOL.  II  I 
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=  1>0. 
Hence,  when  a  =  0,  (r  +  1)  is  divergent 

2nd  Proof. — By  the  direct  application  of  Cauchy's  Condensa- 
tion Testj  the  convergence  of  (1)  is  the  same  as  the  convergence 
of  2a^/(a~)i+*  that  is,  2(l/a»)».  Now  the  last  series  is  a  geo- 
metrical progression  whose  common  ratio  is  1/a* ;  it  is  therefore 
convergent  if  a>0,  and  divergent  if  a=  or  <0.  Hence  (1)  is 
convergent  if  a  >  0,  and  divergent  if  a  =  or  <  0. 

Again,  the  convergence  of  (2)  is  by  Cauchy's  rule  the  same 
as  the  convergence  of  SaVa**  {  fe«  }i+*,  that  is,  2 l/(/a)i +•»!+• ; 
and  the  convergence  of  this  last  the  same  as  that  of  21/n^+*. 
Hence  our  theorem  is  proved  for  (2). 

Let  us  now  assume  that  the  theorem  holds  up  to  the  series 
(r).  We  can  then  show  that  it  holds  for  (r+  1).  In  fact,  the 
convergence  of  (r  +  1)  is  the  same  as  that  of  2a'*/a"/a'*ra"  .  .  . 
^- V  {l^a^y+%  that  is,  2l/{nla)l{nla) .  .  .  l''-\nla)  {/'-^(nfe)}  i+*. 

First  suppose  a  >  0,  and  a>e.     Then  la>l,  nla  >  n.     Hence 
l/(nla)l(nla)  .  .  .  l^-^{nla)  {lr-\nla)}^+' 
<l/nln.  .  .^-2»{Z*-in}i+-. 

But,  since  a> 0,  21/Py_i(n)  {l^'^n}"  is  convergent,  a  fortioii, 
2lfPr{n)  {^n}*  is  convergent 

Next  suppose  a:j> 0,  and  2<a<e.  Then  rUa < n ;  and,  pro- 
ceeding as  before,  we  prove  21/Pr(n)  {t^n}"  more  divergent  than 
the  divergent  series  21/P,..i(»)  {Z*"-^}* 

Logarithmic  Scale  of  Convergency, — The  series  just  discussed 
are  of  great  importance,  inasmuch  as  they  form  a  scale  with 
which  we  can  compare  series  whose  ratio  of  convergence  is 
ultimately  unity.  The  scale  is  a  descending  one ;  for  the  least 
convergent  of  the  convergent  series  of  the  rfh  order  is  more  con- 
vergent than  the  most  convergent  of  the  convergent  series  of  the 
(r  +  l)th  order.  This  will  be  seen  by  comparing  the  nth  terms, 
%  and  tt'n,  of  the  rth  and  (r  +  l)th  series.  We  have 
^'nl^  =  {^''~^}*/{/^n}^+*',  where  a  is  very  small  but  >0, 
and  a  is  very  large. 
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If  we  'pu.tx  =  l^~%  we  may  write   L  u'n/un=  L  {af'^^+^'Y 

n=ao  ssoo 

Iz}  ^+»'.    Hence,  however  small  a,  so  long  as  it  is  greater  than  0, 
and  however  large  a',  hu'n/un  =  « . 

If  we  suppose  the  character  of  the  logarithmic  scale  estab- 
lished by  means  of  the  second  demonstration  given  above,  we 
may,  by  comparing  ^Un  with  the  various  series  in  the  scale,  and 
using  §  4,  Th.  I.,  obtain  a  fresh  demonstration  of  the  criterion 
of  Cor.  3.  We  leave  the  details  as  an  exercise  for  the  stude^t 
This  is  perhaps  the  best  demonstration,  because,  apart  from  the 
criterion  itself,  nothing  is  presupposed  regarding  f{z\  except 
that  it  is  positive  when  x  is  greater  than  a  certain  finite  value. 

By  following  the  same  course,  and  using  §  4,  Th.  m.,  we 
can  establish  a  new  criterion  for  series  whose  ratio  of  con- 
vergence is  ultimately  unity,  as  follows,  where  p^=f{z  +  l)/f{x). 

Cor.  5.  If  f(x)  be  cUimys  positive  when  x  exceeds  a  certain  finite 
value,  2/(n)  is  convergent  or  divergent  according  as  the  first  of  the 
folUnioing  fvmctions — 

To  =  p«  - 1 ; 

T,  =  Po(a;+l)p,-P,(a;); 
T,  =  P,(a:+l)p,-P,(ar); 


T,  =  P,.,(x+l)p,-P,_Xa:); 

which  does  not  vanish  when  x=  co  has  a  negative  or  a  positive  limit. 

Comparing  2/(n)  with  21/Pr(n){^'«}»,  we  see  that  2/(n) 
will  be  convergent  if,  for  all  values  of  x  greater  than  a  certain 
finite  value, 

p^<Fr(x)  {l^x}-/Pr{x+l)  {/''(X+  1)}-  (1), 

where  a  >  0. 

Now  (1)  is  equivalent  to 

Tr{x  +  l)p,  -  Tr{x)  <  Prm  l'x/l^{x  +  1)  }»  -  1]. 
Also  ^r(x)[{  rx/l%X  +  1)  }•  -  1] 

TT»     /  \(JT/       i\     7r  >         ^^         {/*'ar//^(ic+ 1)}*- 1 
^ '^   ^         '         ^    I'^lx+l)    {l^xl^(x+l)}  -1' 


=  -lxlxa=  -a, 
by  chap,  xxv.,  §§12  and  13. 
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Hence  a  sufficient  condition  for  the  convergency  of  2/(n)  is 

L  { PJjs  +  l)pa.  -  Pr(a^) }  <  -  a  (a  positive), 
<0. 
In  like  manner,  the  condition  for  divergency  is  shown  to  be 

L  { Pr(fl5  +l)px-  Pr(a;) }  >  -  a  (a  negative), 
•="  >0. 

Example  1.  Discuss  the  oonyergenoe  of  Ze-^-^/*-*  •  — ^'"/n^ 
Here  To=Z{/(«)}/n, 

_     1  +  1/2+.  .  .+lln+rln 
"*  n 

Now,  by  chap,  xxv.,  §  18,  Example  1, 

H-(r+l)Zn>l  +  l/2+.  .  ,+lln+rln>rln+l(n+l). 
Hence  LTo=0.     We  must  therefore  examine  Ti.     Now 

=  -{1  +  1/2+.  .  .+l/»+(r-l)/n}/Zn, 
=  -{1  +  1/2  +  .  .  .+l/n}/Z»-(r-l). 

By  chap.  XXV.,  §  13,  Example  2,  L(l  +  l/2+.  .  .  +l/n)//7i=l.  Hence 
LTi=  -l-r+l=-r.  The  given  series  is  therefore  convergent  or  divergent 
according  as  r>  or  <0. 

If  r=0,  LTo=0,  and  LTi=0.     But  we  have 
T,=M«^n/(n)}/Pn, 

=  l-{l  +  l/2  +  .  .  .+lln-ln}IPn. 

Now,  when  n  is  very  large,  the  value  of  1  + 1/2 + .  .  .  + 1/»  -  Zn  approaches 
Euler's  Constant.  Hence  LTa=l>0.  In  this  case,  therefore,  the  series 
under  discussion  is  divergent. 

Example  2.  To  discuss  the  convergence  of  the  hypergeometric  series, 
g.p       a(a  +  l).^(/?+l) 
7.«       7(7  +  1). «(«  +  !)  •  • 

The  general  term  of  this  series  is 

//^N_«(«  +  l)-_-  .(a+n-^lVi5(/3+l)._.  .(/3+n-l) 
•'^  '""7(7  +  1).  ^  .(7+«-l). «(«  +  !).  .  .(3+n-ir' 
The  form  of  /(n)  renders  the  application  of  the  first  form  of  criterion 
somewhat  troublesome.    We  shall  therefore  use  the  second.     We  have 

(a  +  n)(/3+w) 

(tt+n)03+n) 

'""(7  +  w)(8  +  ^) 
Lro=a;-l. 

Hence  the  series  is  convergent  if  sb<1.  divergent  if  a;>l. 
If  x=l,  Lro=0,  and  we  have 
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_  (n+l)(a+n)(i3+n)  __ 

(7+»)(«+«)  .       ^ 
_(a  +  /3-7-g  +  l)7i»  +  Aw+B . 
•  "n^  +  Cn+D  ' 

Lri=tt+/3-7-3  +  l. 
If,  therefore,  a;=l,  the  hypergeometrio  series  is  conyergent  or  diyergent 
according aso+/3-7-84-l<  or  >0. 

If  a+/3-7-8+l=0,  Lri=0.     But  we  have 

=  [n{Z(«  +  l)-Zn}+(a+/3+l){Z(w+l)-Zn}  +  {AZ(n+l)  +  BZ7i}/7i 

+  a(n  +  l)/n«]/[l  +  E/«+F/n2], 
Hence,  since  Ln{^n+1)-Z»}  =1,  L  {Z(n+1)-Z»}=0,  L2(fi  +  l)/n«=0, 
L  Zw/n* = 0(«  >  0),  &C. ,  we  have 

Lr2=l>0. 
In  this  case,  therefore,  the  series  is  divergent 

£xample  8.  Consider  the  series 

1     wi    m(m-l)  ,         m(m-l).  .  .  (m-w+1) 

^-i"^     1.2    +•  •  -^-v    i;  12.  .  .»       -   +  •  •  • 

This  may  be  written 
^,-'»^A-'rn)[-m-\-\)  .(-m)(-m+l).  .  .(-m+n-1). 

^■^nr"*"      172  ~"  "*"•  •  -"^  1.2. .  ,n "^' '  • 

It  is  therefore  a  hypergeometrio  series,  in  which  a=-97i»  /3=7,  d=l, 
ic=l.  It  follows  from  last  article  that  the  series  in  question  is  convergent  or 
divergent  according  as  -moO,  that  is,  according  as  m  is  positive  or 
negative. 

This  series  is  the  expansion  of  (1  -a;)*",  when  sb=1. 

Example  4.  Consider  the  series 

T.w    w(77i-l)  m(m~l).  .  .(m-n-fl)  . 

■^l"^     1.2.     •*  '"^  1.2...»  ■*■■••        ^^'' 

In  this  series  the  terms  are  ultimately  alternatively  positive  and  negative 
in  sign.    Hence  the  rules  we  have  been  using  are  not  directly  applicable. 

Ist  Let  m  be  positive  ;  and  let  m  -  r  be  the  first  negative  quantity  among 
w,  m-1,  w-2,  .  .  .  &c.,  then,  neglecting  all  the  terms  of  the  series  before 
the  (r+l)th,  we  have  to  consider 

m(m-l).  .  .  (m-r+l)f  ^  ,  m-r  ^  (m-r)(m-r-'l)  .  \ 

1.2.  .  .r  t^  +  FTT"*"      (r+l)(r+2)     +•••/  ^^^• 

If  we  change  the  signs  of  the  alternate  terms  of  the  series  within  brackets, 
it  becomes 

,  .r-m.(r-'m)(r-m  +  l)  .  .^. 

l  +  ^qa+     (r+l)(r+2)     +•••  <^>- 

Now  (3)  is  a  hjrpergeometrio  series,  in  which  o=r-w,  /3=7,  J=r+1, 
35=1.  Hence  o+/3-7-5+l=r-m-(r+l)  +  l=-m<0.  Therefore  (3)  is 
convergent.    Hence  (2),  and  therefore  (1),  is  absolutely  convergent. 
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2iicL  Let  m  be  negative,  =  -  m  say.    The  series  (1)  then  becomes 

/t    Mm+I),  ./    iwM(m+1).  .  .(A4+n-l)  .. 

*     1^    1.2        •  •  'fV     a;  1.2.  .  .»  ^'  •  •      ^*^' 

Since  ^  is  positive,  the  hypergeometric  series 

u    u(m+1).  a(M+l).  .  .(M+7t-l) 

^"^i'^i:2"'*"- • -"^      iT2 . . . «      "^••-     ^^'' 

is  divergent 

Hence  (4)  cannot  be  absolutely  conveigent  in  the  present  case. 

Since  pn=-  (fi+n)l{n+l),  the  terms  will  constantly  increase  in  numerical 
value  if  fi^l.    Hence  the  series  cannot  be  even  semi-convergent  unless  fi<l. 

If /A  be  less  than  1,  />n<l,  and  the  series  will  be  semi-convergent  provided 


Now  logt*»=21ogg^=Slog{l+^}. 


Since  Llog{l  +  0*-l)/(n+l)}/{(M-l)/(n+l)}=l  (see  chap.  xxv..  §  18), 
the  series  Slog  {l  +  (A*-l)/(n  +  l)}  and  S(M-l)/(n  +  l)  both  diverge  to  an 
infinity  of  the  same  sign.  But  the  latter  series  diverges  to  -  «  or  +  oo , 
according  as  /*<  or  >1.     Hence  Lw^=0  or  oo,  according  as  ^i<  or  >1. 

Hence  the  series  (1)  is  divergent  if  fi>l,  semi-convergent  if  fi<l. 

It  obviously  oscillates  if  fi=  1.    Hence,  to  sum  up,  the  series  (1) 

is  absolutely  convergent,  if  0~to<  +  « ; 

semi-convergent,  if  - 1  <  m  <  0 ; 

oscillating,  if  - 1  =  m ; 

divergent,  if  -oo<m<-l.* 

*  Bistorical  Note, — If  we  except  a  number  of  scattered  theorems,  given 
chiefly  by  Waring  in  his  Meditationes  Analytica,  it  may  be  said  that 
Cauchy  was  the  founder  of  the  modem  theory  of  convergent  series ; 
and  most  of  the  general  principles  of  the  subject  were  first  given  in 
his  Analyse  Algihrique.  In  his  Exercices  de  McUMmatiques,  t  iL  (1827), 
he  gave  the  following  integral  criterion  from  which  most  of  the  higher  criteria 
have  sprung : — If,  for  lai^  values  of  n,  /[n)  be  positive  and  decrease  as  n 

/m-\-n 
dxf(x)=Q  (m  arbitrary),  otherwise 
n 
divergent  The  second  step  of  the  r-criteria  was  first  given  by  Raabe,  Crelle's 
Jour,,  Bd.  xiiL  (1885).  De  Morgan,  in  his  Differential  CalctUus,  p.  323  et  seq. 
(1889),  first  gave  the  Logarithmic  Scale  of  Functional  Dimension,  established 
the  Logarithmic  Scale  of  Convergency  of  Cor.  4,  and  stated  criteria  equivalent 
to,  but  not  identical  in  form  with,  those  of  Cor.  3  and  Cor.  5.  Continental 
writers,  nevertheless,  almost  invariably  attribute  the  whole  theory  to  Bertrand. 
Bertrand,  Liouv.  Jour.  (1842),  quotes  De  Morgan,  stating  that  he  had  obtained 
independently  part  of  De  Morgan's  results.  His  Memoir  is  very  important, 
because  it  contains  a  discussion  of  various  forms  of  the  criteria  and  a  demonstra- 
tion of  their  equivalence ;  we  have  therefore  attached  his  name,  along  with  Dc 
Morgan's,  to  the  two  logarithmic  criteria.  Bonnet,  Liouv.  Jour.  (1843),  gave 
elementary  demonstrations  of  Bertrand's  formulas ;  and  Malmsten,  OrunerVs 
Arehiv  (1846),  gave  an  elegant  elementary  demonstration,  depending  essentially 
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SERIES  WHOSE  TERMS  HAVE  PERIODICALLY  RECURRING  NEGATIVE 
SIGNS,  OR  CONTAIN  A  PERIODIC  FACTOR  SUCH  AS  SIN  nB, 

§  7.]  Series  which  contain  an  infinite  number  of  negative 
terms  may  or  may  not  be  absolutely  convergent.  The  former 
class  falls  under  the  cases  already  discussed.  We  propose  now 
to  give  a  few  theorems  regarding  the  latter  class  of  series,  whose 
convergency  depends  on  the  distribution  of  negative  signs 
throughout  the  series. 

The  only  cases  of  much  practical  importance  are  those — 1st, 
where  the  infinity  of  negative  signs  has  a  periodic  arrangement ; 
2nd,  where  the  occurrence  of  negative  signs  is  caused  by  the 
presence  in  the  nth  term  of  a  factor,  such  as  sin  nB,  which  is  a 
periodic  function  of  n. 

In  the  former  case  (which  might  be  regarded  as  a  particular 
instance  of  the  latter)  we  can  always  associate  into  a  single  term 
every  succession  of  positive  terms  and  every  succession  of  negative 
terms.  Since  the  recurrence  of  the  positive  and  negative  terms 
is  periodic,  we  thus  reduce  all  such  series  to  the  simpler  case, 
where  the  terms  are  iilternately  positive  and  negative. 

on  the  inequality  of  chap,  xxv.,  §  18,  Cor.  6,  that  Sl/Pr(wt+n){?"(m+n)}« 
(where  V^m  is  positive)  is  convergent  or  divergent,  according  as  a<  or  <  0  ;  and 
thence  deduces  Cor.  8.  Paucker,  Orelle*8  Jour,^  Bd.  xlii.  (1851),  deduces  both 
Cor.  3  and  Cor.  5  from  Cauchy's  Condensation  Test,  much  as  we  have  done, 
except  that  the  actual  form  in  which  we  have  stated  the  rule  of  Cor.  5  is 
taken  from  Catalan,  TraiU  M.  cL  Series  (1860).  Du  Bois-Reymond,  Crelle's 
Jour.t  Bd.  Izxvi.  (1873),  gives  an  elegant  general  theory  embracing  all  the 
above  criteria,  and  also  those  of  Rummer,  OrelWs  Jowr.,  xiii.  (1835).  Abel 
had  shown  that,  however  slightly  divei^gent  2^  may  be,  it  is  always  possible 
to  find  Til  7*2»  •  •  •»  7ft,  ..  .  such  that  L7n=0  and  yet  'SrfnV^  shall  be 
divergent.  Du  Bois-Beymond  shows  that,  however  slowly  Zum  converge,  we 
can  always  find  7i,7s,  .  .  .,  7ii,  .  .  .  such  that  L7n=oo  and  Z7ni^  neverthe- 
less shall  be  convergent.  He  shows  that  functions  can  be  conceived  whose 
ultimate  increase  to  infinity  is  slower  than  that  of  any  step  in  the  logarithmic 
scale ;  and  concludes  definitely  that  there  is  a  domain  of  convergency  on 
whose  borders  the  logarithmic  criteria  entirely  £ul — a  point  left  doubtful  by 
his  predecessors.  Finally,  Kohn,  QrwMr€i  ArMv  (1882),  continuing  Du  Bois- 
Reymond's  researches,  givies  a  new  criterion  of  a  mixed  character.  The  whole 
matter,  although  not  of  great  importance  as  regards  the  ordinary  applications 
of  mathematics,  illustrates  an  exceedingly  interesting  phase  in  the  develop- 
ment uf  mathematical  thought. 
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We  may  carry  the  process  of  grouping  a  step  farther,  and 
associate  each  negative  with  a  preceding  or  following  positive 
term,  and  the  result  will  in  general  be  a  series  whose  terms  are 
ultimately  either  all  positive  or  all  negative. 

The  process  last  indicated  often  enables  us  to  settle  the  con- 
vergence of  the  series,  but  it  must  be  remembered  that  the  series 
derived  by  grouping  is  really  a  diflferent  series  from  the  original 
one,  because  the  sum  of  n  terms  of  the  original  series  does  not 
always  correspond  to  the  sum  of  m  terms  of  the  derived  series. 
The  difference  between  the  two  sums  will,  however,  never  exceed 
the  sum  of  a  finite  number  of  terms  of  the  original  series ;  and 
this  difference  must  vanish  for  n  =  oo  ,  if  the  terms  of  the  original 
series  ultimately  become  infinitely  small 
Example.  Consider  the  serlies 

1    2    8^4    6    6^       ^8»-2    8n-l    3»^  ^^' 

Compare  this  with  the  series 

that  is,  the  series  whose  (2n-  l)th  term  is  l/(3n-2),  and  whose  (2n)th  term 
is  -(l/(3n-l)  +  l/3n). 

If  Sn  Sn  denote  the  sums  of  n  terms  of  (1)  and  (2)  respectively,  then 
S8„-2=Sa„'-i,Ssn-i=S2«'-i-l/(8n-l),S3„=S2„'.  Since  Ll/(8n-l)  =  0.  we 
have  in  all  cases  LS„=LSn.  Hence  (1)  is  convergent  or  divergent  according 
as  (2)  is  convergent  or  divergent.  That  (1)  is  really  divergent  may  be  shown 
by  comparing  it  with  the  series 

S  {l/(8»  -  2)  -  l/(8n  - 1)  -  l/8n}  (8). 

If  Sn"  denote  the  sums  of  n  terms  of  this  last  series,  we  can  show  as  before 
that  LS/=:LSn.  But  the  nth  term  of  (8)  can  be  written  in  the  form 
(  -  9  +  12/w  -  2/?i«)/(8  -  2/n)  (8  -  l/?i)3n ;  and  therefore  bears  to  the  nth  term  of 
21/n  a  ratio  which  is  never  infinite.    But  21/n  is  divergent. 

By  §  4,  II.,  (8)  is  therefore  also  divergent.     Hence  (1)  is  divergent. 

It  should  be  noticed  that  in  the  case  of  an  oscillating  series,  wheie 
Lm»  =*=  0,  the  grouping  of  terms  may  convert  a  non-convergent  into  a 
convergent  series ;  so  that  we  cannot  in  this  case  infer  the  convergency 
of  the  original  from  the  convergency  of  the  derived  series,* 

*  This  remark  is  all  the  more  important  because  the  converse  process  of 
splitting  up  the  Tith  term  of  a  series  into  a  group  of  terms  with  alternating 
signs,  and  using  the  rules  of  §  8,  often  gives  a  simple  means  of  deciding  as  to 
its  convergency.  The  series  1/1.2  +  1/3.4  +  1/6.6  +  1/7.8+  .  .  .  may  be  tested 
in  this  way. 
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Example. 

(,.i)'-(,.i)V....(.*4)'-(.*^J--- 

13  obyiously  a  non-convergent  oscillating  series.    But 

whose  nth  term  is  (Sn'  +  8n + 1  )l(in^ + 2nf,  that  is  (8  +  8/n + l/n»)/16(l  +  ftnfn^, 
is  convergent,  being  comparable  in  the  scale  of  convergency  with  21/7i*. 

§  8.]  The  following  rule  is  frequently  of  use  in  the  discus- 
sion of  semi-converging  series : — 

IfUi>Ui>u^>  .  .  .  >Un >  .  .  .  and  all  be  positive^  then 

converges  or  oscUlates  according  as  L  «*„  =  or  +  0. 
Using  the  notation  of  §  3,  we  have 

mR»  =  =*=  (%+i  -  %+«  +  .    .    .  ±  ^+m)y 

=  ±   {K+i  -  «*n+«)  +  (Wn+3  -  %+4)  +  .    .    .}. 

Hence  we  have 

%+i  >  TnlRn  >  «*n+i  -  ««n+.  (2), 

numerical  values  being  alone  in  question.  If,  therefore,  Lt^  =  0, 
we  have  Lt«n+i  =  I^+t  =  0;  and  it  follows  that  L  ,JEl„  =  0  for  all 

«=S00 

values  of  m.     Also 

SO  that  Sn  is  finite  for  all  values  of  n.  The  series  (1)  is  there- 
fore convergent  if  Inin  =  0. 

If  hun  =  a  =♦=  0,  then  L  ^R^  =  a  or  =0  according  as  m  is  odd 

n=oo 

or  even.  Hence  the  series  is  not  convergent  We  have,  in  fact, 
LCS^+i  -  Sgn)  =  Lttan+i  =  a,  which  shows  that  the  sum  of  the 
series  oscillates  between  S  and  S  +  a,  where  S  =  LS^. 

Cor.  The  series 
where  tt„  u^,  .  ,  .  are  as  before,  is  convergent 
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CHAP. 


Example  1.  The  series  Z(-l)*-V**  ^  convei^nt,  notwithstanding  the 
fact,  already  proyed,  that  ZI/ti  is  divergent. 

Example  2.  2(-l)*-i(n  +  l)/n  is  an  oscillating  series;  but  Z(-l)"-^ 
{(»  + 1  )/n  -  (n  +  2)/(« + 1 )}  is  convergent. 

§  9.]  The  most  important  case  of  periodic  series  is  2)a„cos 
(nO  +  </>),  where  On  is  a  function  of  n,  and  </>  is  independent  of  n, 
commonly  spoken  of  as  a  Trigonometrical  or  Fourier's  Series.  The 
question  of  the  convergence  of  this  kind  of  series  is  one  of  great 
importance  owing  to  their  constant  application  in  mathematical 
physics. 

We  observe  in  the  first  place  that 

L  If  2a^  be  an  absolutdy  converging  series  then  2a^  cos{n6  +  <f>) 
is  convergent. 

This  follows  from  §  4,  I. 

II.  If  0=0  or  2fer  {k  being  an  integer),  2a„ cos {nO  +  <f>)  is 
convergent  or  divergent  according  as  2a„  is  convergent  or  divergent. 

This  is  obvious,  since  the  series  reduces  to  2an  cos  </>. 

III.  If  0^0  or  2fer,  then  Son  cos  (nO  +  <l>)  is  convergent  if  for  ail 
values  of  n  greater  than  a  certain  finite  value,  a^  constantly  decreases 
as  n  increases,  in  such  a  way  that  L  a^  =  0. 

This  is  a  particular  case  of  the  following  general  theorem, 
which  is  founded  on  an  inequality  given  by  Abel : — 

IV.  If 'Zunbe  convergent  or  oscillatory,  and  ai,ag,  .  ..,  ««,... 
be  a  series  of  positive  quantities,  constantly  decreasing  as  n  increases, 
so  that  L  an  =  0,  then  Sa^t^i  is  convergent. 

Abel's  Inequality  is  as  follows : — If,  for  all  values  of  n, 
A  >  M|  +  Wg  +  .   .  .  +  Mn  >  B> 

where  w,,  «»,...,  t*„  are  any  real  quantities  whatever,  and 
if  a,,  a,,  .  .  .,  a^  be  a  series  of  positive  quantities  constantly 
decreasing  as  n  increases,  then 

a,  A  >  a^U^  +  ajWa  +  .    .   .  +  O'n^n  >  ^1^' 

This  may  be  proved  as  follows : — Let  S^  =  Wi  +  «« + .  .  .  +  «n> 
Sn'  =  a^tt,  +  a^u^  +  .  .  .  +  a^Un,  Then  «,  =  S„  t*,  =  S,  -  S„  &c. ; 
and 
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S»' =  fliS,  +  0,(8,  -  Si)  + .  .  .  +  o»(Sn-S„_,), 

=  Si(a,  -  a.)  +  S,(a,  -  as)  + .  .  . +  S„_i(an-i-an)  +  Sna». 
Hence,  since  S^  S,,  .  .  . ,  Sn  are  each  <  A  and  >  B,  and  {a^  -  Og), 
(a,  -  a,),  .  .  .,  (««.,  -  On),  an  are  all  positive, 
{(a,-a,)  +  (a,-aa)  +  .  .  . +  (a«.i-an)  +  an}  A 

>Sn'>{(ai-a,)  +  (a,-a,)  +  .  .  .  +  K-i -an)  +  a«}B; 
that  is,' 

aiA>Sn'>aiB  (1). 

Theorem  IV.  follows  at  once,  for,  since  2un  is  not  divergent, 
Sfi  is  not  infinite  for  any  value  of  n.  Hence,  by  (1),  S^'  is  not 
infinite.     Also,  by  Abel's  Inequality, 

=  Sn'+«-Sn'>an+,D  (2), 

where  C  and  D  are  the  greatest  and  least  of  the  values  of 
«aRi(  =  Wn+i +%+«+.  .  . +t*„+m=Sn+m-Sn)  for  all  different 
positive  values  of  m.  Now,  since  ^Un  is  convergent  or  oscillatory, 
Sn+m  -  S«  is  either  zero  or  finite,  and  L  a^+i  =  0,   by  hypo- 

nsoo 

thesis.     Therefore,  it  follows  from  (2),  that  L  m^'  =  0  for  all 

n=ao 

values  of  m.     Hence  ^rt^n  ia  convergent. 

We  shall  prove  in  a  later  chapter  that,  when 
ttn  =  cos  (nO  +  <l>), 

Sn  =  sin  ^nS  cos  {J(n  +  1)^  +  <^}/sin  ^6. 
If,  therefore,  we  exclude  the  cases  where  0  =  0  or  2hr,  we  see 
that  Sn  cannot  be  infinite.     Theorem  HI.  is  thus  seen  to  be  a 
particular  case  of  Theorem  IV. 

Cor.  If  an  he  as  above,  2(  -  l)^''^anCOs(nd  +  <^),  2ansin  {nd  +  <^), 
and  2(  -  l)'*"^an  sin  (nS  +  <f})  are  all  convergent, ' 

CONVERGENCE  OF  A  SERIES  OF  COMPLEX  TERMS. 

§  10.]  If  the  nth  term  of  a  series  be  of  the  form  Xn  +  yjj 
where  t  is  the  imaginary  unit,  and  Xn  and  yn  are  functions  of  n, 
we  may  write  the  sum  of  n  terms  in  the  form  Sn  +  Tni,  where 
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Tn  =  y,  +  y«  +  .  .  .+yn" 
By  the  sum  of  the  infinite  series  ]S(xn  +  VtS)  ^  meant  the  limit 
when  n  =  00  of  S„  +  T^t;  that  is,  (LSn)  +  (LTn)t. 

The  necessary  and  sufficieni  condition  far  the  convergency  of 
2(a5n  +  yj!)  «  therefore  that  Szn  O'nd  2y»  he  both  convergent. 

For,  if  the  series  'Exn  and  2)yn  converge  to  the  values  S  and 
T  respectively,  2(a;n  +  ynO  will  converge  to  the  value  S  +  Tt; 
and,  if  either  of  the  series  Sxn)  ^^n  diverge  or  oscillate,  then 
(LSn)  +  (LTn)t  will  not  have  a  finite  definite  value. 

§  11.]  Let  Zn  denote  Xn  +  ynil  and  let  pn  be  the  modulus 
and  On  the  amplitude  of  Zn;*  so  that  z^  =  pn(cos  ^n  +  ^  sin  ^n), 
a^n  =  />»  cos  On,  yn  =  /»n  sin  ^n»  We  have  the  following  theorem, 
which  is  sufficient  for  most  elementary  purposes : — 

The  complex  series  ^Zn  is  convergent  if  the  real  series  2  mod  z^  is 
convergent. 

For,  since  2pn  is  convergent,  and  pn  by  its  definition  is 
always  positive,  it  follows  from  §  4,  L,  that  2pnCOB0n  and 
^Pn  sin  6n  are  both  convergent ;  that  is,  Sa;^  and  S^n  ai^  both 
convergent     Hence,  by  §  10,  ^n  is  convergent. 

It  should  be  noticed  that  the  condition  thus  established, 
although  sufficient,  is  not  necessary.  For  example,  the  series 
(1  -  0/1  -  (1  -  0/2  +  (1  -  0/3  "...  is  convergent  since  1/1  -  1/2 
+  1/3  - .  .  .  and  -  1/1  +  1/2  -  1/3  + .  .  .  are  both  convergent; 
but  the  series  of  moduli,  namely,  ^^2/1  +  \/2/2  +  \/2/3  + .  .  ,, 
is  divergent. 

When  'Zzn  is  such  that  ^modz^  is  convergent,  ^^  is  said  to  be 
absolutely  convergent  Since  the  modulus  of  a  real  quantity  u^  is 
simply  Un  with  its  sign  made  positive,  if  need  be,  we.  see  that 
the  present  definition  of  absolute  convergency  includes  that 
formerly  given,  and  that  the  theorem  just  proved  includes 
§  4,  IV.,  as  a  particular  case. 

Cor.  If  Xnbe  real,  and  z^  a  complex  number  whose  modulus  is 
not  infinite  for  any  value  of  n,  however  great,  then  ^{\n;Sn)  ^i  ^ 
absolutely  convergent  if  2Xn  is  ahsolutely  convergent. 

*  See  chap,  zii.,  §  18. 
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For  mod  (A^n)  =  niod  A^  mod  Zn ;  and,  since  2An  is  absolutely 
convergent,  SmodAn  is  convergent  Hence,  since  modzn  is 
always  finite,  2(mod  An  mod  ;8n)  is  convergent  by  §  4,  11. ;  that 
is,  2mod(A^n)  is  convergent  Hence  ^(Af^n)  is  absolutely 
convergent. 

Example  1.  The  series  Ssf/n  1  is  absolutely  convergent  for  all  finite 
valaes  of  z. 

Example  2.  The  series  22"/n  is  absolutely  convergent  provided  mod  2<1. 

Example  3.  The  series  2(<io8^+i8in^)»/w,  is  j^  convergent  if  ^  +  0  or  2kr. 
For  the  series  Zcoa  n$/n  and  Z  sin  nS/n  are  convergent  by  §  9,  III. 

Example  4.  The  series  (cos^+isin^)"/^'  is  absolutely  convergent  For 
the  series  of  moduli  is  2I/n^,  which  is  convexgent. 


APPLICATION   OF  THE  FUNDAMENTAL  LAWS   OF  ALGEBRA 
TO   INFINITE  SERIES. 

§  1 2.]  Law  of  Association, — ^We  have  already  had  occasion  to 
observe  that  the  law  of  association  cannot  be  applied  without 
limitation  to  an  infinite  series.  It  can,  however,  be  applied 
without  limitation  provided  the  series  is  convergent  For  let 
S,„'  denote  the  sum  of  m  terms  of  the  new  series  obtained  by 
associating  the  terms  of  the  original  series  into  groups  in  any 
way  whatever.  Then,  if  S»  denote  the  sum  of  n  terms  of  the 
original  series,  we  can  always  assume  m  so  great  that  S,„  includes 
at  least  all  the  terms  in  S„.  Hence  S^'  -  Sn  =  pR„,  where  ^  is 
a  certain  positive  integer.  Now,  since  the  original  series  is  con- 
vergent, by  taking  n  sufficiently  large  we  can  make  -pEn  as  small 
as  we  please.     It  follows  therefore  that  L  S^'  =  L  S„.     Hence 

the  association  of  terms  prodtices  no  effect  on  the  sum  of  the  infinite 
con/oergemt  series. 

§  13.]  Law  of  Commutation, — ^The  law  of  commutation  is  even 
more  restricted  in  its  application  than  the  law  of  association. 
In  fact,  the  law  of  commutation  can  he  applied  ordy  to  absolutely 
convergent  series. 

We  shall  consider  here  merely  the  case  where  each  term  of 
the  series  is  displaced  a  finite  number  of  steps.*     Let  2un  be 

*  See  below,  §  38,  Cor.  2. 
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the  original  series,  ^u^'  the  new  series  obtained  by  commuta- 
tion of  the  terms  of  Zt£„.  Since  each  term  is  only  displaced  by 
a  finite  number  of  steps,  we  can,  whatever  n  may  be,  by  taking 
m  sufficiently  great  always  secure  that  S^'  contains  all  the 
terms  of  S^  at  least.  Under  these  circumstances  S^'  -  S^  con- 
tains fewer  terms  than  pR^,  where  p  is  finite,  since  m  is  finite. 
Now,  since  Sm^  is  absolutely  convergent,  even  if  we  take  the 
most  unfavourable  case  and  suppose  all  the  terms  of  the  same 
sign,  we  shall  have  L  pR„  =  0 ;  and,  a  fortioriy  L  S„i'  -  L  S„  =  0. 

n=ao  m=ao  n=ao 

Hence  L  S^'  =  L  S^  j  which  establishes  our  theorem. 

fn=oo  ti=ao 

The  above  reasoning  woM  not  apply  to  a  semi-convergent  series, 
because  the  vanishing  of  LpB^  does  not  depend  solely  on  the 
individual  magnitude  of  the  terms,  but  partially  on  the  alterna- 
tion of  positive  and  negative  signs. 

Siemann  has  shown  that  the  series  2(-1)**"^m„,  where 
Lwn  =  0,  and  Si^g^+i  and  2t*^  are  both  divergent,  can,  by  proper 
commutation  of  its  terms,  be  made  to  converge  to  any  sum  we 
please ;  and  Dirichlet  has  shown  that  commutation  may  render 
a  semi-convergent  series  divergent. 
Example  1.  The  scries 

JL_J   +JL_JL+  +_.J: 1.   +  (1) 

VI     V2     V3     V4  V(2»-l)     V{2'0 

is  convergent  by  §  8  ;  but  the  series 

"*■  \  V(4m-Hj ■•■  V{4?^+  3) "  V(27ft  +  2)/  "*■  '  '  *  ^^)» 

which  is  evidently  derivable  from  (1)  by  commutation  (and  an  association 
which  is  permissible  since  the  terms  ultimately  vanish),  is  divergent.  For, 
if  tt«  =  l/V(4m  +  l)  + l/V(4w  +  3)- l/V(2wi  +  2),  and  Vm  =  l/V^  then 
lMnJVn,=  L  { 1/V(4  +  1/m)  -I-  1/V{4  +  3/?n)  -  1/V(2  +  2/wi) }  =  1/2  + 1/2  - 1/ V2  = 
1  -  i  V2»  Hence  w^/Vm  is  always  finite ;  and  2^^  is  divergent,  by  §  6,  Cor.  4. 
Hence  2t^  is  divergent.  (Dirichlet) 
Example  2.  The  series 

1     2^3    4^6  ^(2»-l)    (2»)  ^^^• 

(T4)-5+(H)-i^-  •• +(4^+41^3) -2-^+-  •  •     W. 

are  both  convergent ;  but  they  converge  to  different  sums.    For,  by  taking 
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successiyely  three  4nd  four  terms  of  each  series,  we  see  that  the  sum  of  (1)  lies 
between  '588  and  '833  ;  whereas  the  sum  of  (2)  lies  between  '926  and  1-176. 

AddUum  of  two  infinite  series.  If  St^  and  ^^  ^  ^^^  ^^^^^ 
vergerU,  and  converge  to  the  values  S  and  T  respectively,  then  2(i*n  +  ^n) 
is  convergent  and  converges  to  the  value  B  +  T. 

We  may,  to  secure  complete  generality,  suppose  Un  and  Vn  to 
be  complex  quantities.  Let  S»,  T„,  Un  represent  the  sums  of 
n  terms  of  Sm^,  ^Vn,  2(ttn  +  Vn)  respectively ;  then  we  have,  how- 
ever great  n  may  be,  Un  =  S»  +  Tn-  Hence,  when  n  =  ao , 
LUn  =  LSn  +  LTn,  which  proves  the  proposition. 

§  14.]  Law  of  Distribution. — ^The  application  of  the  law  of 
distribution  will  be  indicated  by  the  following  theorems  : — 

If  a  be  any  finite  quantity,  and  ^u^  converge  to  the  value  S,  then 
2at*n  converges  to  aS. 

The  proof  of  this  is  so  simple  that  it  may  be  left  to  the 
reader. 

If  Sttn  <^nd  2vn  converge  to  the  values  S  and  T  respectively,  and 
at  least  one  of  the  two  series  be  absolutely  convergent,  then  the  series 

U,V,  +  {U,V^  +  U^V,)  +  .  ..+  {u,Vn  +  U^Vn-i  +  .  .  .  +  U^V,)  +  .  .  .        (1) 

converges  to  the  value  ST.* 

Let  Sn,  Tn,  Un  denote  the  sums  of  n  terms  of  2un,  S^n, 
2(^i^n  +  ^^n-i  +  -  •  .  + %t?,)  respectively ;  and  let  us  suppose  that 
2ttn  is  absolutely  convergent.     We  have 

SnTn  =  Un  +  Ln 
where  Ln  =  t*,Vn  +  Wi^n-i  +  •   •    •   +^n«'a 

+  U^Vn+  .    .    .   +UnVs 


=  tl,Vn  +  U^{Vn  +  Vn.,)+  .    .    .  +  t^nK  +  •    •  •   +  V.)      (2). 

*  The  original  demonstration  of  this  theorem  given  by  Cauchy  in  his 
Analyse  Algibrique  required- that  both  the  series  Zi/n,  2vn  be  absolutely  con- 
vergent. Abel's  demonstration  is  subject  to  the  same  restriction.  The  more 
general  form  was  given  by  Mertens,  OrelU*8  Jour.,  Izxiz.  (1875).  Abel  had, 
however,  proved  a  more  general  theorem  (see  §  20,  Cor.),  which  partly  in- 
cludes the  result  in  question. 
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If  therefore  n  be  even,  =  2m  say, 

+  [«m+i(t^«i  +  ..  .+t'm+i)+.  .  .  +  «*fm(t?«n  +  .  •  •+».)]    (3). 

If  n  be  odd,  =  2m  +  1  say, 

+  [«m+i(t'm+i  +  .  .  .  +  t^m+«)  +  .  •  •  +  Wm+i(v«m+i  +  ...+».)]    (4). 

Now,  since  "Iv^  is  convergent,  it  is  possible,  by  making  m 
sufficiently  great,  to  make  each  of  the  quantities  modt;,„|, 
mod(t;^., +rj^),  .  .  .,  mod(t;„,+,+  .  .  .  ■\- v^),  modr^+j, 
mod  (v^  + 1;^+,),  .  .  .,  mod  («?,„+,+  .  .  .  +  i;„„+i)  as  small  as  we 
please.  Also,  since  modTj,  modT,,  modTg,  .  .  .  modT„,  .  .  . 
are  all  finite,  and  mod  (T^  -  T,)  <  mod  T^  +  mod  T„  therefore 

inod(t;,„+i+  .  .  .  +v^),  .  .  .,  mod(t;,+  .  .  .  +r^), 
mod  («;,„+,+  .  .  .  +v^+,),  .  .  .,  mod(v,+  .  .  .  +%„+,)> 

are  all  finite.  Hence,  if  c^  he  a  quantity  which  can  be  made  as 
small  as  we  please  by  sufficiently  increasing  m,  and  )8  a  certain 
finite  quantity,  we  have,  from  (3)  and  (4),  by  chap,  xii.,  §  11, 

mod  L»  <  €,»(mod  t*,  +  mod  tta  +  .  .  .  +modtA^) 

+  )8(mod  Wot+1  +  niod  Um+f  +  .  .  .  +  mod  Un)> 

If,  therefore,  we  make  n  infinite,  and  observe  that,  since  2)t/„» 
is  absolutely  convergent,  mod  u^  +  mod  1*3+.  .  .  +  mod  Un  is 
finite,  and  L(mod  u^^^  +  mod  Uj^+a  +  .  .  .  +  mod  u^)  —  0,  we 
have  (seeing  that  Lcm  =  0)  L  mod  L^  =  0.  Hence  LS^T^  =  LUn, 
that  is,  LU„  =  ST. 

Cauchy  has  shown  that^  if  both  the  series  involved  be  semi- 
convergenty  the  mtdtiplication  rule  does  not  necessarily  apply. 

Suppose,  for  example,  it^=r«  =  (  -  1)"-7V^*     Then  both  2wn  and  2p„  are 
semi-cony ergent  series.    The  general  term  of  (1)  is 


•-=^(v{'^l"^V{(n-i)2}"*""  •  •^V{2(7i-l)}'"^V{^}>) 


(5). 


Now,  since  r(7i  -  r + 1 ) = J(7i  + 1 )'  -  { i(w  + 1 )  -  r } ',  therefore,  for  all  values 
of  r,  r<»-r+l)<J(TO+l)',  except  in  the  case  where  r=i(n+l),  and  then 
there  is  equality.  It  follows  that  mod  tr,  >  ?i/i(n  + 1 )  >  2/(  1  + 1  /n).  The  terms 
of  Sm7„  are  therefore  ultimately  numerically  greater  than  a  quantity  which  is 
infinitely  nearly  equal  to  2.     Hence  StTn  cannot  be  a  convergent  series. 
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SPECIAL  DISCUSSION   OF  THE  POWER  SERIES  2a«a:^ 

§  15.]  As  the  series  ^Lon^^  is  of  great  importance  in  algebra- 
ical analysis  we  shall  give  a  special  discussion  of  its  properties  as 
regards  both  convergence  and  continuity.  We  may  speak  of  it 
for  shortness  as  the  Power  Series,  and  we  shall  consider  both  On 
and  X  to  be  complex  numbers;  say  On  =  rn(cos 0^  +  i sin on), 
X  =s  p(cos  ^  + 1  sin  6),  where  r^  and  on  are  functions  of  the  integral 
variable  n,  but  p  and  6  are  independent  of  n. 

§16.]  ^ZOf^  i$  cmvergent  if  171^ x<L{7nod On/mod On+i} . 

For  the  series  of  moduli  is  2>np^,  and  this  is  convergent  if 
L  {p^+h-n+i/p^n}  <  1 ;  that  is,  if  pL  {rn+,/r„}  <  1 ;  that  is,  if 
p<L{rn/rn+,}. 

Three  different  cases  arise  according  as  L  {r«/rn+i}  is  zero,  a 
finite  positive  quantity  B,  or  qo  .  In  the  first  case,  Son^  is  not 
convergent  for  any  value  of  x  other  than  0. 

In  the  second  case  ^ar^  is  convergent  when  the  point  repre- 
senting X  in  Argand's  Diagram  lies  toithin  a  circle  whose  centre  is 
the  origin  and  whose  radius  is  R  This  circle  is  called  the  Circle 
of  Convergence  for  the  power  series  in  question ;  and  R  is  called 
the  Badius  of  Convergence,  It  should  be  observed  that  nothing  is 
established  for  the  case  where  the  representative  point  lies  on  the 
circle  of  convergence. 

Z^/n  is  an  example  of  this  class  of  series  ;  here  R=:l. 

In  the  third  case,  YonO^^  is  convergent  for  all  values  of  x. 
The  exponential  series  2af*ln\  is  an  example  of  this  class  of  series. 

§  17.]  If  the  series  Sa^^  he  absolutely  convergent  when  modx 
=  R',  it  will  he  absolutely  convergent  when  mod  a;  =  R"  <  R'. 

For,  since  2a„x**  is  absolutely  convergent^  SrnR'**  is  conver- 
gent Now,  since  R"<R',  rnR''"<rJR'«.  Hence,  by  §  4,  I, 
^rnfC''^  is  convergent;  that  is,  'ZonX^  is  absolutely  convergent 
when  mod  a;  =  R". 

§  18.]  Discontinuity  and  Infinitely  slow  Convergency.  If  the 
nth  term  of  an  infinite  series  be  /(n,a;),  where  f(n,x)  is  a  single 
valued  continuous  function  of  x  for  all  integral  values  of  n,  then 
VOL.  II  K 
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the  infinite  series  ^f(n,x)  will,  if  convergent,  be  a  single  valued 
finite  function  of  Xy  say  <f>{x).  At  first  sights  it  might  be  sup- 
posed that  <l){x)  must  necessarily  be  continuous,  seeing  that  each 
term  of  /{riyX)  is  so.  Cauchy  took  this  view ;  but^  as  Abel  first 
pointed  out,  <f){x)  is  not  necessarily  continuous.  No  doubt 
2/(?i,a;  +  A)  and  2f{n^\  being  each  convergent,  have  each 
definite  finite  values,  and  therefore  2{/(n,a;  +  h)  -f{n,x)}  is 
convergent^  and  has  a  definite  finite  value;  bid  this  value  is 
not  necessarily  zero  for  all  values  of  x.  Suppose,  for  example,* 
that  f{nyx)  =  xjinx  +\){nx-x+  1).  Since  f{n,x)  =  7vxl{nx  +  1) - 
(n  -  \)xl  {n-\x+\} ,  we  have,  in  this  case,  Sn  =  nx/(nx  +  1). 
Hence,  provided  a;  =♦=  0,  LSn  =  1.  If,  however,  x  =  0  then  S^  =  0, 
however  great  n  may  be.  The  function  <^(aj)  is,  therefore,  in  this 
case,  discontinuous  when  2;  =  0. 

The  discontinuity  of  the  above  series  is  accompanied  by 
another  peculiarity  which  is  often,  although  not  always,  asso- 
ciated with  discontinuity.  The  Residue  of  the  series,  when 
a;  4=  0,  is  given  by 

Rn  =  l-S„=l/(na;+l). 

Now,  when  x  has  any  given  value,  we  can  by  making  n  large 
enough  make  l/{nz  +1)  smaller  than  any  given  positive  quantity 
a.  But,  on  the  other  hand,  the  smaller  x  is,  the  larger  must  we 
take  n  in  order  that  l/{nx  +  1)  may  fall  under  a ;  and,  in  general, 
when  X  is  variable,  there  is  no  finite  upper  limit  for  w,  independent 
of  X,  say  V,  such  that  if  n  >  v  then  E^  <  a.  When  the  residue 
has  this  peculiarity  the  series  is  said  to  be  nonruniformly  con- 
vergent ;  and,  if  for  a  particular  value  of  x,  such  as  x  =  0,  in  the 
present  example,  the  number  of  terms  required  to  secure  a  given 
degree  of  approximation  to  the  limit  is  infinite,  the  series  is  said 
to  Converge  Infinitely  Slowly. 

We  are  thus  led  to  the  following  important  definition.  If, 
for  values  of  x  within  a  given  region  in  Argand!s  Diagraniy  toe  can 
for  every  value  of  o,  however  small  mod  a,  assign  for  n  an  upper 
limit  V,  INDEPENDENT  OF  x,  such  that  when  n>v rrud R^ < mod ci, 

•  Du  Bois-Reymond. 
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then  the  series  ^/{riyx)  is  said  to  be  UNIFORMLY  convergent 
vnthin  the  region  in  question,* 

It  can  be  shown  that^  so  long  as  ^/(n^x)  converges  uniformly, 
<l>{z)  cannot  be  discontinuous ;  but  Du  Bois-Eeymond  has  shown 
by  means  of  the  example  2  {x/n{nx  +l){nx-x+l)- a?/(«af  +  1) 
{na?  -  X  +  1)}  that  infinitely  slow  convergence  may  not  involve 
discontinuity.  In  point  of  fact,  the  sum  of  this  last  series  is 
always  zero,  even  when  x  =  0;  and  yet,  when  x=0,  the  con- 
vergence is  infinitely  slow. 

The  object  of  the  present  paragraph  has  been,  not  to  intro- 
duce the  student  to  a  discussion  of  exceptional  cases  in  the 
functionality  of  infinite  series,  but  to  lead  him  to  see  the  neces- 
sity of  the  demonstrations  now  to  be  given  of  the  continuity  of 
the  Power  Series  in  certain  cases. 

§  19.]  As  regards  the  power  series  SflnCc^  there  are  two  cases 
of  great  practical  importance — 1st,  when  a^  is  independent  of 
X  and  we  regard  20^  as  a  function  of  x,  say  <^(a;);  2nd, 
when  Oji  is  a  function"  of  n  and  y,  say  f(n,y),  and  x  is 
regarded  as  constant,  so  that  2f{nyy)x^  is  a  function  of  y,  say 

The  points  involved  were  first  raised  and  discussed  by  Abel ; 
but  the  following  theorem,  together  with  its  elegant  demonstra- 
tion,! will  give  us  at  once  all  that  is  here  required. 

Let  fjLn  he  indeipenderd  of  z,  and  'iDn(z)  he  a  single  valued  fuvdion  of 
n  and  z,  finite  for  all  values  of  n,  however  great,  and  finite  and  con- 
tinuous as  regards  z  from  z  =  a  to  z=b,  then,  if  2/i„  be  absolutely 
amvergent,  ^finwjz)  X  is  a  continuous  function  of  z  from  z  =  a 
to  z  =  b. 

Let  Sn(;2^)  =  iixW^z)  +  ii^w^{z)  +  .  .  .  +  finWn{z\  and  assume  fi^ 
to   be  positive  for  all  values  of  n,  which  will  not  limit  the 

*  The  distinction  here  involved  was  first  pointed  out  hy  Seidel,  Abhl.  d, 
Bayerisehen  AJead,  d.  Wiss,,  Bd.  v.  (1850).  It  has  assumed  great  import- 
ance in  the  Theory  of  Functions  developed  by  Weierstrass  and  his  followers. 

t  Both  due  to  Du  Bois-Reymond.  See  Jidth.  Ann,,  iv.  (1871).  We  have 
presented  the  original  notation  and  phraseology  as  closely  as  possible. 

t  Under  the  circumstances  supposed,  ^iij^J^:i)  is,  of  course,  convergent 
by§4. 
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generality  of  the  demonstration,  since  Sfin  is  absolutely  con- 
vergent 

Let  Awp  =  Wp{z  +  A)  -  Wp{z),  so  that  L  ^Wp  =  0  for  all  values 

of  p.     Then  we  have 

Sn(z  +  A)  -  S„(a?)  =  fi,Aw,  +  fj^^w^  +  .  .  .  +  ft^Atr^ 

Let  AWfn  be  a  mean  among  Awi^  ^w„  .  .  .,  ^Wm  (that  is,  be 
greater  than  the  least  and  less  than  the  greatest) ; 

W'«„  a  mean  among  w„,^,{z  +  A),  w„»+,(2;  +  A),  .  .  .,  t(7n(2J  +  h) ; 

W„m  a  mean  among  Wm+i{z\  w„,+^{z\  .  .  .,  Wn{z). 
Then 

Sn(^  +  A)  -  Sn(^)  =  AW^S'«  +  (W'^«  -  W^n)n.mR'« 

where  S'm  &nd  n-ml^'t»  h^^®  ^^^  usual  meanings  as  regards  S/tx^. 
If,  now,  we  make  n  infinite,  W',n«  ai^d  W„,oo  become,  by 
virtue  of  our  hypotheses,  finite  determinate  quantities  for  every 
value  of  m  and  z ;  and  we  have 

S«(^  +  A)  -  S«(.)  =  AW^  S'^  +  {W^  -  W^«)R'^. 
Our  object  is  to  prove  that  L  ^^{z  +  A)  -  ^^{z)]  (say,  800(2?  ±  0) 

-  Soo(2?))  =  0.  Now  when  A  =  0,  Aw^  =  0,  Aw,  =  0,  .  .  .,  Aw«  =  0, 
since  all  the  functions  wj^z),  Wi{z),  .  .  .,  iVm{z)  ^^  continuous. 
Therefore,  since  S'^  is  finite  for  all  values  of  m,  owing  to  the 
convergency  of  2/i^,  we  have 

8^{z ±0)-S^{z)  =  (L W\n.  - W^«)R'«       (1). 

We  cannot  be  sure  that  LW'^00  =  W^oo;  but  since  both  are  finite 
their  difference  is  finite.  Hence,  since  R'm  is  the  residue  of  the 
convergent  series  '^fim,  by  making  m  sufficiently  great  we  can 
make  R'm  and  therefore  the  right-hand  side  of  (1)  as  small  as 
we  please.  It  follows  that  the  left-hand  side  of  (1)  must  be 
numerically  less  than  any  assignable  quantity ;  that  is,  must  be  zero. 
We  have  supposed  all  the  quantities  involved  to  be  real ;  but 
the  extension  to  the  case  where  ^  and  Wn{x)  are  complex  is 
obvious  after  what  has  been  said  in  §§  10,  1 1. 
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As  an  example,  take  the  first  of  the  series  discussed  in  §  18.  The  nth 
tenn  may  be  written  {1/n*}  {a;/(a;+l/?0(a;-a;/»+l/n)}.  Hence,  if  we  take 
Ai„=l/n',  Wn{x)=xj{x+lln)[x~xln-k-l/n)f  we  see  that  all  the  conditions  of 
Du  Bois-Reymond's  Theorem  are  fulfilled,  except  when  x-0 ;  for  w^{x)  =  llxj 
which  becomes  infinite  when  x=0.  We  conclude  therefore  that  this  infinite 
series  is  a  continuous  function  ofx  for  all  positive  values  of  a;  except  x=0,  in 
which  case  the  theorem  does  not  apply. 

Cor.  1.  If  the  potoer  series  ^2a„pif^  be  absolutely  convergent  when 
fnodx  =  'Ry  then,forallvaliiesofxsuchtfuit  'madx<'Bi,  ^EOf^^  is  a  con- 
tinuous function  of  z. 

We  have  at^  =  OfJEi^ixfR)^.  Now  SaJR**  is  an  absolutely 
convergent  series  by  hypothesis.  Hence,  if  we  take  fin  =  On^^ 
Wn{x)  =  (aj/R)**,  all  the  conditions  of  Du  Bois-Reymond's  Theorem 
will  be  satisfied,  and  the  corollary  follows. 

Cor.  2.  If  the  power  series  ^f{n,y)x^  be  convergent  when 
mod  aj  =  R  (<1 ),  and  f{n,y)  be  a  function  of  y  which  is  finite  and  single- 
valued  for  all  values  of  n,  and  finite,  single-valued,  and  continuous  as 
regards  y  from  y  =  a  to  y  =  b,  then,  from  y  =  a  to  y  =  b,  }p{y)  = 
^f{n,y)x^  is  a  contintums  function  of  y  so  long  as  modx:)^'R. 

This  follows  at  once  from  Du  Bois-Reymond's  Theorem,  if  we 
take  fjLn==oi^,  z  =  y,  and  Wn{z)  =  f(n,y), 

§  20.]  We  have  seen  that,  so  long  as  x  lies  within  the  circle 
of  convergence,  the  power  series  Za^of*  is  a  continuous  function 
of  2L  Nothing,  however,  has  been  established  regarding  values 
of  X  that  lie  on  the  circumference  of  the  circle  of  convergence. 
Hence  the  importance  of  the  following  theorem  of  Abel's,  which 
we  prove  for  real  series,  but  which  can  at  once  (see  §  10)  be  ex- 
tended to  imaginary  series. 

If  the  series  2a^  be  convergent,  and  if  'ZanX^  be  convergent  for  all 
values  of  x  less  than  1,  then  L    'ZonX^  =  2a„. 

x=l-0 

This  is  tantamount  to  asserting  the  continuity  of  'ZanO!^  up  to 
the  circumference  of  its  circle  of  convergency,  so  far  as  real 
values  are  concerned.*  If  /(x)  denote  Sff^jo;'*  we  have  to  show 
that    L   /(ic),say/(l-0),  =2an. 

x=l-0 

*  Proofs  have  been  given  by  Abel,  Dirichlet,  Du  Bois-Reymond,  and 
others.  The  above  is  a  modification  of  Dirichlet's  demonstration  (see 
LiouvilU*8  Jour. ) 
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Since  2a„  is  convergent,  if  5©  =  ao»  ^i  =  a©  +  a„  .  .  .,  Sn  =  a©  + 
fli  +  .  .  .  +  On*  •  •  •  then  5o,  5i,  .  .  .,  5n,  .  .  .  are  all  finite,  and 
have  for  their  limit  S,  the  sum  of  the  infinite  series  Son.  Also 
we  have  a©  =  So»  «» =  Sj  -  So,  «,  =  «,-  5„  .  .  .,  fln  =  ^n  -  ^n- 1,  .  .  . 

Hence 

/(«)  =  3o  +  (5i"«o)«+(5a-SiK+   .    •    .    +(Sn-Sn-i)aJ^+  •    •    • 
=  So(l  -  «)  +  SiX{\  -Z)+  ,    .    ,    +  SnX^{l  -X)+   ,    .    . 

This  transformation  will  be  legitimate  so  long  as  a;  is  less 
than  1,  by  however  little. 

Let  a;  =  1  —  ^,  then  we  have,  however  small  ^  may  be, 
/(l-f)  =  s.^  +  «.(l-f)f  +  -  .  .  +  s„-.(l-f)»-i^ 

wherein  n  may  be  taken  as  large  as  we  please. 

Let  now  o-'n  be  a  mean  among  Sq,  (1  -  ()s^,  .  .  .,  (1  -  f)""^5n_,, 
and  a-n  a  mean  among  5»,  5n+i,  Sn+»  •  •  • 

Then  Lo-'„  is  finite,  and  Lo-n  =  5. 

We  have 
/(l-f)  =  n^'„+  {l+(l-^)  +  (l.f)'  +  .  .  .}f(l-f)V„, 

=  W^n+(l-f)V„. 

Since  n  may  be  made  as  large  as  we  please,  we  may  cause  ^ 
to  approach  the  limit  zero  by  putting  f  =  1/w',  and  then  making 
n  =  00 .     Hence 

/(l-0)  =  L(rV«  +  L(l-lK)V„. 
Now,  Lo- n/w  =  0,  since  Lo-'n  is  finite. 

Also    L(l  -  1/7*^  =  L  {(1  -  l/7i")-'»'}-i/«  =  Le-Vn  =  g*=  i ; 
and  Lo-»  =  5.     Hence  L(l  -  l/n')Vn  =  s ;  and  we  have  finally 
^(1-0)  =  ^ 

It  should  be  observed  that  ^n  i^^ed  not  be  absolutely  con- 
vergent, but  if  it  be  semi-convergent  the  order  of  its  terms  must 
not  be  altered. 

By  considering  the  series  2unX^,  Sv^aJ**,  and  the  series 
2(t4,it;i +  i4„.,t;a+  .  .  .  +  w,t',4)x'*+\  which  is  their  product  when 
both  of  them  are  absolutely  convergent,  and  applying  the 
theorem  just  established,  we  easily  arrive  at  the  following 
theorem,  also  due  to  AbeL 
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Cor.  If  each  of  the  series  2%  and  2r„  converge  to  the  limits  u 
and  V  respectively,  then,  if  the  series  2{%t;,  +i«n-,t'a+  .  .  .  +t«iV») 
be  convergent,  it  will  converge  to  uv;  and  this  wUl  hold  even  if  all 
the  three  series  be  only  semirconvergent, 

§  21.]  Principle  of  Indeterminate  Coefficients. 

If  the  real  series  'EanX^  be  convergent  for  all  values  of  x  such  that 
modx:}^^  and  if  for  all  the  values  in  question  a©  +  SonSf*  =  0,  then 
ao  =  0,  a,  =  0,  ag  =  0, .  .  .,  0^  =  0,  .  .  . 

Since    2a„a;'*  is   convergent,   it    follows    that   L  2)0^^  =  0. 

Since  a©  +  SonO^  =  0  when  a;  =  0,  we  must  have  a©  =  0.  There- 
fore, by  our  original  hypothesis,  we  have  Son^J^  =  0  for  all  values 
of  X  such  that  mod  x:J^'R.  Now,  by  §  14,  2a„;«^  =  irHSana^'S  where 
2a,j^"^  is  a  convergent  series  for  any  value  of  x  which  renders 
^2cLf^  convergent.  Since,  then,  we  have  xla^pi^'^  =  0  for  values 
of  X  other  than  0,  it  follows  that  2a»af*-^  =  0.  But,  since  2a„aJ»"^ 
is  convergent,   L  ^20^3^'^  =  ai.      Thus   we   must  have   ai  =  0, 

x=0 

Proceeding  in  this  way,  we  can  show  that  all  the  coefficients 
must  vanish. 

Cor.  If,  for  all  values  of  x  such  that  modx:J^'Ei,  a^  +  Son^**  = 
6o  +  26„«**,  both  series  being  convergent,  then  ao  =  ^o>  (^i  =  K  a^^b^, 
.   .   .,  On  =  ^m  •  •   • 

For  we  must  have  {ao  -  b^)  +  2(a»  -  bn)a^  =  0  where,  by  §  13, 
2(a»  -  bn^x^  is  a  convergent  series.  Hence,  by  the  main  theorem, 
flo  -  ^0  =  0,  ai  -  &i  =  0,  &c. 

INFINITE  PRODUCri'S. 

§  22.]  The  product  of  an  infinite  number  of  factors  formed 
in  given  order  according  to  a  definite  law  is  called  an  Infinite 
Product.  Since,  as  we  shall  presently  see,  it  is  only  when  the 
factors  ultimately  become  unity  that  the  most  important  case 
arises,  we  shall  write  the  nth  factor  in  the  form  1  +  t*n. 

By  the  value  of  the  infinite  product  is  meant  the  limit  of 

(l+t*,)(l+M.)  .  .  .  (1+M„), 
tt 
(which  may  be  denoted  by  11(1  +  t^n),  or  simply  by  Pn),  when  n  is 

increased  without  limit. 
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It  is  obvious  that  if  Lia^  were  numerically  greater  than  unity, 
then  LPn  would  be  either  zero  or  infinite.  As  neither-  of  these 
cases  is  of  any  importance  we  shall,  in  what  follows,  suppose 
modttn  to  be  always  less  than  unity.  Any  finite  number  of 
factors  at  the  commencement  of  the  product  for  which  this  is 
not  true,  may  be  left  out  of  account  in  discussing  the  converg- 
ency.  We  also  suppose  any  factor  that  becomes  zero  to  be  set 
aside ;  the  question  as  to  convergency  then  relates  merely  to  the 
product  of  all  the  remaining  factors. 

Four  essentially  distinct  cases  arise — 

1st.  LP„  may  be  0. 

2nd.  LPn  may  be  a  finite  definite  quantity,  which  we  may 
denote  by  11(1  +  Wn),  or  simply  by  P. 

3rd.  LPn  may  be  infinite. 

4th.  LPn  may  have  no  definite  value ;  but  assume  one  or 
other  of  a  series  of  values  according  to  the  integral  character  of  n. 

In  cases  1  and  2  the  infinite  product  might  be  said  to  be 
convergent ;  it  is,  however,  usual  to  confine  the  term  convergent  to 
the  2nd  case,  and  to  this  convenient  usage  we  shall  adhere ;  in 
case  3  divergent ;  in  case  4  oscillatory, 

§  23.]  If,  instead  of  considering  Pn,  we  consider  its  logarithm, 
we  reduce  the  whole  theory  of  infinite  products  (so  far  as  real 
positive  factors  are  concerned  *)  to  the  theory  of  infinite  series ; 
for  wo  have 

logPn  =  log(l  +IAi)  +  l0g(l  +W.)  +  .    .    .+l0g(l  +tAn) 

=  21og(i+t*n); 
and  we  see  at  once  that 

n 

1st.  If  2  log  (1  +  Un)  is  divergent,  and  L2  log  ( 1  +  tin)  =  -  oo , 
then  n(l  +  ttn)  =  0 ;  and  conversely. 

2nd.  If  21og(]l  +Un)  be  convergent,  then  11(1  +Un)  is  con- 
vergent. 

n 

3rd.  If  2  log  ( 1  +  tt„)  is  divergent,  and  L2  log  (1  +  w„)  =  +  oo  , 
then  n(l  +  ttn)  is  divergent. 

*  The  logarithm  of  a  complex  number  has  not  yet  been  defined,  much 
less  discussed. 
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4th.  If  21og(l  -k-Un)  oscillates,  then  11(1  +t*„)  oscillates. 

§  24.]  If  we  confine  ourselves  to  the  case  where  Un  has 
ultimately  always  the  same  sign,  it  is  easy  to  deduce  a  simple 
criterion  for  the  convergency  of  11(1  +  u^). 

If  Lwt»<  0,  then  2  log(l  +  t^n)  =  ~  <»  >  ^nd  11(1  +  %)  =  0. 

U,Lun>0,  21og(l  +  Un)=  +  00 ,  and  n(l  +  ^n)  is  divergent. 

It  is  therefore  a  necessary  condition  for  the  convergency  ofIl{\+Uf) 
thatLun--0. 

Since  Lun  =  0,  L(l  +  Unf^"^  =  e ;  hence  L  log  (1  +  t*„)/i*n  =  1- 
It  therefore  follows  from  §  4  that  21og(l  +  Un)  is  convergent  or 
divergent  according  as  ^^  is  convergent. or  divergent.  More- 
over, if  t^  be  ultimately  negative,  the  last  and  infinite  parts  of 
Sm^  and  2  log  (1  +  Un)  will  be  negative ;  and  if  t*n  be  ultimately 
positive  the  last  and  infinite  part  of  2ttn  and- 2  log  (1  +t^)  will 
be  positive.     Hence  the  following  conclusions — 

If  the  terms  of  ^ttn  become  ultimately  infinitely  small,  and  have 
ultimately  the  same  sign,  then 

1st.  n(l  + 1^)  is  convergent,  if  2%  be  convergent ;  and  con- 
versely, 

2nd.  n(l  +  tt„)  =  0,  if  2un  diverge  to  -  oo  /  and  conversely. 

3rd.  n(l  +Un)  diverges  to  +  oo,  if  2t^n  diverge  to  +  oo/  and 
conversely. 

Since  in  the  case  contemplated,  where  u^  is  ultimately  of 
invariable  sign,  the  convergency  of  11(1  +  Un)  does  not  depend  on 
any  arrangement  of  signs  but  merely  on  the  ultimate  magnitude 
of  the  factors,  the  infinite  product,  if  convergent^  is  said  to  be 
absolutely  convergent.  It  is  obvious  that  any  infinite  product  in 
which  the  sign  of  v^  is  not  ultimately  invariable,  but  which  is  convergent  ' 
when  the  signs  of  Un  are  made  all  alike,  wUl  be,  a  fortiori,  convergent 
in  its  original  form,  and  is  therefore  said  to  be  absolutely  convergent  ; 
and  we  have  in  general,  for  infinite  products  of  real  factors,  the  theorem 
that  n(l  + 1«„)  is  absolutely  convergent  when  2tA,j  is  absolutely  con- 
vergent ;  and  conversely. 

Cor.  If  either  of  the  tv)0  infinite  products  11(1  +  Uf),  11(1  -  «„) 
be  absolutely  convergent,  the  other  is  absolutely  convergent. 
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For,  if  2wa  is  absolutely  convergent,  so  is  2(  -  w^j) ;  and  con- 
versely. 

Example  1.  (l  +  l/l«)(l  +  l/2«) .  .  .  (l  +  l/»»)  ...  is  absolutely  conver- 
gent since  Sl/n'  is  absolutely  convergent 

Example  2.  (1-1/2)  (1-1/3)  .  .  .  (1-1/n)  ...  has  zero  for  its  value 
since  2(  - 1/»)  diverges  to  -  oo . 

Examples.  (1  + 1/ V2) (1  +  1/V8)  •  •  •  {1  +  1/V«)  •  •  •  diverges  to  +oo 
since  2(l/\/n)  divei^es  to  +  « . 

Example  4.  (l  +  l/Vl)(l-l/\/2)(l  +  l/\/3)(l-l/V^)  •  •  .  Since  the 
sign  of  ttn  is  not  ultimately  invariable,  and  since  the  series  S(  -  ly^^^n  is 
not  absolutely  convergent,  the  rules  of  the  present  paragraph  do  not  apply. 
We  must  therefore  examine  the  series  2  log  (1  +  ( - 1)*»- W^)-  The  terms  of 
this  series  become  ultimately  infinitely  small;  therefore  we  may  (see  §  12) 
associate  every  odd  term  with  the  following  even  term.  We  thus  replace  the 
series  by  the  equivalent  series 

2  log  {1  + 1/ V(2n  - 1)  -  1/V(2»)  -  1/V(4»*  -  2w)} . 

It  is  easy  to  show  that 

1/ V(2n  - 1)  -  1/V(2w)  - 1/ V(4«'  -  2«)  <  0, 
for  all  values  of  n>  1.  Hence  the  terms  of  the  series  in  question  ultimately 
become  negative.  Moreover,  l/^{2n-l)-l/^(2n)-l/^J{in^-2n)  is  ulti- 
mately comparable  with  - 1/2».  Hence  2  log  (1  +  ( -  1)*^V\/^)  diverges  to 
-00.  The  value  of  (1  +  1/V1)(1-V\/2)(1+1/V3) (1-1/ V4).  .  .  is  there- 
fore  0.    This  is  an  example  of  a  semi-conveigent  product. 

Examples.  el+itf-l-W+*d-l-i  ...  The  series  21og(l+M,.)  in  this 
case  becomes 

(1  +  1)-(1  +  J)  +  (1  +  J)-(1+J)+.  .  . 
which  oscillates.    The  infinite  product  therefore  oscillates  also. 

Example  6.  n(l-a?«-7»)  is  absolutely  convergent  if  a:<l,  and  has  0  for 
its  value  when  x=l. 

§  25.]  We  have  deduced  the  theory  of  the  convergence  of 
infinite  products  of  real  factors  from  the  theory  of  infinite  series 
by  means  of  logarithms ;  and  this  is  probably  the  best  course  for 
the  learner  to  follow,  because  the  points  in  the  new  theory  are 
suggested  by  the  points  in  the  old.  All  that  is  necessary  is  to 
be  on  the  outlook  for  discrepancies  that  arise  here  and  there, 
mainly  owing  to  the  imperfectness  of  the  analogy  between  the 
properties  of  0  (that  is,  +  a  -  a)  and  1  (that  is,  xa-r-a). 

It  is  quite  easy,  however,  by  means  of  a  few  simple  inequality 
theorems,*  to  deduce  all  the  above  results  directly  from  the 
definition  of  the  value  of  11(1  +  w„). 

*  See  Weierstrass,  Abhandluiigen  aus  d.  Functionenkhre,  p.  203 ;  or  Orelle*s 
Jour.,  Bd.  51. 
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If  P„  have  the  meaning  of  §  22,  then  we  see,  hy  exactly  the 
same  reasoning  as  we  used  in  dealing  with  infinite  series,  that 
the  necessary  and  sufficient  conditions  for  the  convergency  of 
n(l  +  Un)  are  that  P^  be  not  infinite  for  any  value  of  n,  however 
large,  and  that  L  (Pn+m  -  Pn)  =  0. 

n—oo 

If  we  exclude  the  exceptional  case  where   L  Pn  =  0,  then, 

n—ao 

since  P»  is  always  finite,  the  condition   L  {Pn+»»-Pn)  =  0  is 
equivalent  to   L  (Pn+„/P»  -  1)  =  0,  that  is,  LP„+„/P„  =  1. 

If,  therefore,  we  denote  (1  +«»+,)  (1  +%+,) ...  (1  -^Un+m) 
by  mOnj  we  may  state  the  criteria  as  follows — 

The  necessary  and  suffiderU  conditions  for  the  convergency  of 
n(l  +  Un)  are  that  Pn  be  not  infinite  for  any  value  of  n,  however  largCy 
and  that  L  t»Qn=  1- 

If  Un  be  complex,  then  the  two  conditions  dbviomly  (see  chap, 
xii.)  are  (hat  mod  P^  be  not  infinite  for  any  value  of  ti,  however  large, 
and  that  L  mod  UQ„  -  1 )  =  0. 

We  shall  not  stop  to  re-prove  the  results  of  §  24  by  direct 
deduction  from  these  criteria,  but  proceed  at  once  to  complete 
the  theory  by  deducing  conditions  for  the  absolute  convergence 
of  an  infinite  product  of  complex  factors. 

§  26.]  n(l  +  Un)  is  convergent  if  11(1  +  modun)  is  convergent. 
Let  pn  =  mod  Un,  so  that  pn  is  positive  for  all  values  of  n, 
then,  since  11(1  +  pn)  is  convergent, 

L  {  (1  +  ^„+,)(l  +  P»+.). .    .    .  (1  +  Pn+n.)  -  1 }  =  0        (1). 

Now 

mOn  -  1  =  (1  +  Wn+i)(l  +  «»+.)  .   .    .  (1  +  Un+m)  -  1, 

=  2t*n+,  +  2Un+iUn+,  +  .  .    .  +  ttn+it*n+«  •  •  •  Un-^-m- 

Hence,  by  chap,  xii.,  §§9,  11,  we  have 

0>mod(^Q»- l)>2p„+i  +  2/a,»+i/)n+a  +  .   .  '  +pn+iPn+a-"Pn+mj 
>(1  +^n+i)(l  +Pn+.)  ...  (1  +/)«+tn)-  1. 

Hence,  by  (1),  L  mod  (^Qn  -  1)  =  0. 
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Alao 

mod  Pn  =  mod  (1  +  Mi)(1  + 1*,) .  .  .  (1  +  ^n)y  ' 

=  mod  (1  +  f*i)  mod  (!+«,).  .  .  mod  (1  +  ii»), 
>(l+^.)(l+p.).  .  .(l+p,). 

Hence  mod  P«  is  finite,  since  11(1  +  pn)  is  convergent 

Remark. — ^The  converse  of  this  theorem  is  not  true ;  as  may 
be  seen  at  once  by  considering  the  product  (1  +  1)(1  -  i)(l  +  i) 
(1  -  J)  .  .  .,  which  converges  to  a  finite  limit  +0;  although 
(I  +  1)(1  +  i)(l  +  J)(l  +  J)  ...  is  not  convergent. 

JFhen  n(l+tin)  is  such  that  Il(l+fnodUn)  is  convergent, 
n(l  -^Un)  is  said  to  be  absoltUdy  convergent.  If  11(1  +Un)  be  con- 
vergentf  but  11(1  +modUn)  non-convergent^  11(1  +Un)  is  said  to  be 
semi-convergeni.  The  present  use  of  these  terms  includes  as  a 
particular  case  the  use  formerly  made  in  §  24. 

§  27.]  If  2niodUn  be  convergent,  then  11(1  +Un)  is  absolutely 
convergent ;  and  conversely. 

For,  if  2mod%  be  convergent,  it  is  absolutely  convergent, 
seeing  that  mod  Un  is  by  its  nature  positive.  Hence,  by  §  24, 
n(l  +  modun)  is  convergent  Therefore,  by  §  26,  11(1  +  «»)  is 
absolutely  convergent 

Again,  if  11(1  +  t«n)  be  absolutely  convergent^  11(1  +  mod  Un)  is 
convergent;  that  is,  since  modun  is  positive,  11(1  +modttn)  is 
absolutely  convergent.  Therefore,  by  §  24,  'Zmodu^  is  abso- 
lutely convergent. 

Cor.  If  2t^  be  absolutely  convergent,  11(1  +%x)  is  ahsolukly 
convergent,  where  x  is  either  independent  of  n  or  is  such  a  function  of 
n  that  L  mod  z^  co  when  n=  co . 

Example  1.  II(l-af»/n)  is  absolutely  convergent  for  all  complex  values 
such  that  moda;<l,  but  is  not  absolutely  convergent  when  moda;=l. 

Example  2.  11(1 -x/n'),  where  t  is  independent  of  n,  is  absolutely  con- 
vergent. 

§  28.]  After  what  has  been  done  for  infinite  series,  it  is  not 
necessary  to  discuss  in  detail  the  application  of  the  laws  of 
algebra  to  infinite  products.  We  can  at  once  deduce  the  fol- 
lowing results — 

I.  The  law  of  association  may  be  safely  applied  to  the  factors  of 
n(l  +  Un)  provided  Lm„  =  0 ;  but  not  otherwise. 
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II.  The  law  of  comfnutation  may  he  safdy  applied  to  11(1  +  u^^ 
provided  it  be  absoluiely  convergeTU,  btU  not  in  general  otherwise. 

IIL  If  both  n(l  +  Un)  and  11(1  +  u'n)  be  absolutely  convergent^ 
then  n  { (1  +  tin)  (1  +  ^'n) }  «  absolutely  convergent  and  has  for  its 
limit  {n(l  +t^)}  X  {n(l  +<)}  ;  also  H  { (1  +!*«)/(  1  +  t^'n)}  « 
absolutely  convergent,  and  has  for  its  limit  { 11(1  +  Un) }/{ n(l 
+  u'n) }  provided  none  of  the  factors  of  11(1  +  u'n)  vanish. 

Since    2  log  {  1  +  fJLnWn{z)  }  =  ^finM^)  log  {  1  +  Hn^WnizW^^"^'^' 

If  fin  &n(l  ^n(^)  satisfy  all  the  conditions  of  Du  Bois- 
Beymond's   theorem,   given  in   §   19,   we  have   LfinWn{z)  =  Oy 

L  log  {  1  +  /t*nW„(«)  jV/Mo-C*)  =  1^  and   Wn{z)  log  {  1  +  fJLnWn{z)  ^If**"^'^ 

satisfies  all  the  conditions  imposed  upon  Wn{z)  alone.  Hence 
2  log  { 1  +  iin^Jiz) }  is  a  continuous  function  of  z  from  z  =  a  to 
z  =  b.     Hence 

IV.  Iffinand  Wn{z)  satisfy  the  conditions  o/§  19, 11(1  +  fin^ni^)) 
is  a  continuous  function  of  z  from  z^^a  to  z  =  b. 

Cor.  1.  If  lon^  be  convergent  when  modx  =  E^  then  n(l  +  a^a^) 
converges  to  <f}(z),  where  <f>{x)  is  a  finite  continuous  function  of  x  for 
all  values  of  x  such  that  modx<R. 

Cor.  2.  If  fin^y)  be  finite  and  single-mlued  as  regards  n,  and 
finitCy  single-valued,  and  contintunis  as  regards  y  from  y  =  a  to  y  =  b, 
and  if  Y,f{n,y)3?^  be  absoltUdy  convergent  when  mod  «  =  R  (<  1),  then, 
so  long  as  modxIf-'R,  11(1  +f{n,y)sf^)  converges  to  ^),  where  ^f4j/)  is 
a  finite  continuous  function  of  y  from  y  =  a  to  y^b. 

Cor.  3.  If  2a»  be  absolutely  convergent,  then  n(l  +  a^)  con- 
verges to  \l/{x),  where  ij^x)  is  a  finite  and  contvnuaus  function  of  x  for 
all  finite  values  of  x,  however  large. 

We  can  also  establish  for  infinite  products  the  following 
theorem,  which  is  analogous  to  the  principle  of  indeterminate 
coefiicients. 

V.  If  for  a  continuum  of  values  ofx  including  0,  n(l  +  o^af*)  and 
n(l  +  bf^)  be  both  absolutely  convergent,  and  11(1  +  a^aj^)  = 
U{l  +  b^),  thena,  =  b„a^  =  b^,  .  .  .,  a»  =  6n,  ... 

For  we  have 

21og(l  +a«af»)  =  21og(l  +6na^), 
both  the  series  being  convergent. 
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Hence  for  any  value  of  «,  however  small,  we  have,  after  divid- 
ing  by  X,  ^,x^-'  log  (1  +  anxyf'^  =  ^nx""'  log  (1  +  b^)'^. 
Since    L  log(l +a„a;*)^^"'^=  1,    we    have,   for  very    small 

values  of  x, 

a^Fi  +  a^V^  +  OaP^  +  .  .  .  =  ^iQi  +  JaQga;  +  isQ*^' +  •  .  .    (1), 
where  Pi,  P,,  .  .  .,  Qi,  Qa  differ  very  little  from  unity,  and  all 
have  unity  for  their  limit  when  a;  =  0.  • 

Hence,  since  ^2anX^~^  and  ^bnX^'^  are,  by  virtue  of  our  hypo- 
theses, absolutely  convergent,  we  have 

L  (aJP^a;  +  OaPga:' + .  .  .)  =  0 
L  (6,Q^  +  63Qa^  +  .  .  ')  =  0 

araO 

Hence,  if  in  (1)  we  put  a;  =  0,  we  must  have 
a,  LP,  =  6jLQi. 

x=0  x=0 

But  LPi=LQi=l;  therefore  ai  =  b^.  Removing  now  the 
common  factor  1  +  a^x  from  both  products,  and  proceeding  as 
before,  we  can  show  that  a,  =  5, ;  and  so  on. 

§  29.]  The  following  theorem  gives  an  extension  of  the 
Factorisation  Theorem  of  chap,  v.,  §  15,  to  Infinite  Products. 

If  \l/(x)  =  n(l  +  a^)  be  convergent  for  all  values  of  x,  in  the 
sense  that  LmodFn 4=  oo ,  and  L  mod  {Jin  -  1)  =  0,  when  n  =  oo ,  wo 
matter  what  value  m  may  have,  then  yj/ix)  will  vanish  if  x  have  one  of 
the  values  -  1/a,,  -  l/a„  .  .  .,  -  l/a».,  .  .  .,  and,  if  ^o;)  =  0,  then 
X  must  have  one  of  the  values  -  l/a^,  -  l/o^, .  .  .,  -  l/a^,  .  .  . 

In  the  first  place,  we  remark  that^  by  our  conditions,  the 
vanishing  of  LnSin  when  n  =  oo  is  precluded.  For,  if  ^Q»  = 
/)(cos  </)  + 1  sin  <l>),  mod  («Q»  -  1)  =  { (/o  cos  </>  -  1)*  +  (p  sin  </>)*}'^. 
Hence  we  must  have  L{(p  cos  <^  -  1)'  +  (p  sin  </>)'}  =  0,  which  leads 
to  L(pcos</)- 1)  =  0,  Lpsin<f>  =  0 ;  that  is,  to  L/)Cos^=l, 
L/3  sin  ^  =  0.  Hence,  ^Q^  =  1  +  A  +  ii,  where  A  and  k  have  each 
0  for  limit  when  n=  co ,  The  exceptional  case,  mentioned  in 
§  23,  where  21og(l  +  anx)  diverges  to  -  oo ,  and  n(l  +  a^)  con- 
verges to  0  for  all  values  of  x,  is  thus  excluded. 
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Now,  whatever  n  may  be,  we  have 

\K^)  =  P«aoQn  0). 

Suppose  that  we  cause  x  to  approach  the  value  -  l/o,..     We 

can  always  in  the  equation  (1)  take  n  greater  than  r;  so  that 

I  +a,a  will  occur  among  the  factors  of  the  integral  function  Pf^. 

Hence,  when  x=  -  l/or,  we  have  Pn  =  0,  and  therefore,  since 

Again,  suppose  that  il^x)  =  0.  Then,  by  (1),  Pn  »Qn  =  0. 
But,  since  n  may  be  as  large  as  we  please,  and  L  ooQ^  =  1  when 
n  =  00 ,  we  can  take  n  so  large  that  ooQn  =^  0.  Hence,  if  only  n 
be  large  enough,  the  integral  function  P^  will  vanish.  Hence  x 
must  have  a  value  which  will  make  some  one  of  the  factors  of 
Pn  vanish ;  that  is  to  say,  x  must  have  some  one  of  the  values 
-  l/a„  -  l/a„  .  .  .,  -  l/ory  ... 

It  should  be  noticed  that  nothing  in  the  above  reasoning 
prevents  any  two  or  more  of  the  quantities  aj,  a,, .  .  .,  a,.,  .  .  . 
from  being  equal  to  one  another ;  and  the  equal  members  of  the 
series  may,  or  may  not,  be  contiguous.  If  there  be  /%  con- 
tiguous factors  identical  with  1  +  anX,  the  product  \l/{x)  will  take 
the  form  n(l  +  c^Y^ ;  and  it  can  always  be  brought  into  this 
form  if  it  be  absolutely  convergent,  for  in  that  case  the  commu- 
tation of  its  factors  does  not  affect  its  valua 

Cor.  I.  If  x  lie  within  a  continuum  (x)  which  includes  all  the. 
values 

-l/a„     -1/a.,     .  .  .,     -IK,.  .  .  (A), 

and  - 1/6„     -  1/6.,     .  .  .,     -  l/6n,  •  •  •  (B), 

t/  n(l  +  a„^y*"  and  11(1  +  hf^Y^  he  absolutely  convergent  for  all 
values  of  x  in  («),  iff{x)  and  g{x)  be  definite  functions  of  x  which 
become  neither  zero  nor  infinite  for  any  of  the  values  (A)  or  (B),  and 
iff  for  ail  values  ofx  in  (a;), 

/(x)n(i  +  ar^y^ = g{^)m  +  M'"  (i), 

tJien  must  each  factor  in  the  one  product  occur  in  the  other  raised  to 
the  same  power;  and^  for  all  the  values  of  xin  {x\ 

For,  since,  by  (1),  each  of  the  products  must  vanish  for  each 
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of  the  values  (A)  or  (B),  it  follows  that  each  of  the  quantities 
(A)  must  be  equal  to  one  of  the  quantities  (B) ;  and  vice  versa. 
The  two  series  (A)  and  (B)  are  therefore  identical. 

Since  the  two  infinite  products  are  absolutely  convergent,  we 
may  now  arrange  them  in  such  an  order  that  ^i  =  6i,  a,  =  5,,  .  .  ., 
&c.,  so  that  we  now  have 

f(x)(l  +  a,z)'^{l  +a^f...  =  g{x){l  +  a,x)'\l  +  a^)"  . .  .  (3). 

Suppose  that  ^i4=v„  but  that  ^,,  say,  is  the  greater;  then 
we  have,  from  (3), 

f{z){\  +  o^f  ""(1  +  a^r .  .  .  =  g{x){l  +0^)"'.:.      (4). 

Now  this  is  impossible,  because  the  left-hand  side  tends  to  0 
as  limit  when  x=  -  l/^i,  whereas  the  right-hand  side  does  not 
vanish  when  x=  -  1/a,.  We  must  therefore  have  /*!  =  vi ;  and, 
in  like  manner,  /Us  =  ^9  >  ^^^  so  on. 

We  may  therefore  clear  the  first  n  factors  out  of  each  of  the 
products  in  (1),  and  thus  deduce  the  equation 

/(a5)«Qn  =  17(a;)«Q'n  (5), 

where  ooQn  and  ooQ'n  have  the  usual  meaning.  The  equation 
(5)  will  hold,  however  large  n  may  be.  Hence,  sincQ  Loo  On 
=  L  ooQ'n  =  1,  we  must  have 

Cor.  2.  From  this  U  follows  that  a  given  fv/nction  of  x  which 
vanishes  for  any  of  the  values  (A)  and  for  no  others  within  the  am- 
tinuvm  (x),  can  be  ex^pressed  within  {x)  as  a  convergent  infinite  product 
of  the  form  f{x)Il{l  +  a^xY^  (where  f{x)  is  finite  and  not  zero  for 
aU  finite  values  of  x  within  {x)\  if  at  all,  in  one  way  ordy. 

If  the  infinite  product  be  only  semi-convergent,  the  above 
demonstration  fails. 

It  may  be  remarked  that  it  is  not  in  general  possible  to 
express  a  function,  having  given  zero  points,  in  the  form  described 
in  the  corollary.  On  this  subject  the  student  should  consult 
Weierstrass,  Abhandltmgen  aus  der  Functionerdehre,  p.  14  6^  seq. 
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ESTIMATION   OF  THE  RESIDUE  OF  A  CONVERGING  SERIES   OR 
INFINITE  PRODUCT. 

§  30.]  For  many  theoretical,  and  for  some  practical  purposes, 
it  is  often  required  to  assign  an  upper  limit  to  the  residue  of  an 
infinite  series.  This  is  easily  done  in  what  are  by  far  the  two 
most  important  cases,  namely  : — (1).  Where  the  ratio  of  converg- 
ence {pn  =  t*n+i/^n)  ultimately  becomes  less  than  unity,  and  the 
terms  are  all  ultimately  of  the  same  sign ;  (2)  Where  the  terms 
ultimately  continually  diminish  in  value,  and  alternate  in  sign. 

Case  (1).  It  is  essential  to  distinguish  two  varieties  of  series 
under  this  head,  namely ; — (a)  That  in  which  pn  descends  to  its 
limit  p ;  (b)  That  in  which  pn  ascends  to  its  limit  p. 

In  case  (a),  let  n  be  taken  so  large  that,  on  and  after  n,  pn  is 
always  numerically  less  than  1,  and  never  increases  in  numerical 
value.     Then 

I  ^+1      Wn+«      Wn+,  ) 

=  «*n+i{  1  +  ^»+i  +  Pn+i  Pn+a  +  Pn+i  Pn+a  Pn+B  +  •    •    •  }  • 

Therefore,  if  dashes  be  used  to  denote  the  numerical  values, 
or  moduli,  of  the  respective  quantities,  we  have 

R'n>^'»+i{l  +  P'n+i  +  P'n+i'  +  •    •   •}> 

>t*n+i/(l-^W.K+.)  (1). 

And  also,  for  a  lower  limit, 

Rn<t:i*n+i/(l-p)  (2). 

In  case  (b),  let  n  be  so  large  that,  after  n,  pn  is  numerically 
less  than  1,  and  never  decreases  in  numerical  value.     Then 

R»  =  ^n+i{l  +Pn+i  +  Pn+i^n+i  +  -   •    •}• 

>t.Wi/(i-p)  (3); 

And  we  have  also 

<t:t*'„+,/(i-<+>'n+0  (4). 

Case  (2).  When  the  terms  of  the  series  ultimately  decrease 
and  alternate  in  sign,   the  estimation  of  the   residue  is  still 
VOL.  n  L 
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Simpler.  Let  n  be  so  large  that^  on  and  after  n,  the  terms  never 
increase  in  numerical  value,  and  always  alternate  in  sign.  Then 
we  have 

<♦:<+! -«*n+.  (6). 

§  31.]  Residue  of  cm  Infinite  Product,  Let  us  consider  the 
infinite  products,  11(1  +tA„)  and  11(1  -tt»),  in  whick  u^  becomes 
tdtvmatelif  positive  and  less  than  unity.  If  the  series  2%  converge 
in  such  a  way  that  the  limit  of  the  convergency-ratio  /On  is  a 
positive  quantity  p  less  than  1,  then  it  is  easy  to  obtain  an 
estimate  of  the  residue.  Let  Qn,  Q  „  denote  the  product  of  all 
the  factors  after  the  nth  in  11(1  + 1^)  and  11(1  -  u^)  respectively, 
so  that  Qn>l9  ftnd  Qn<l-  We  suppose  n  so  great  that,  on 
and  after  n,  u^  is  positive,  pn  less  than  1,  and  either  (a)  pn  never 
increases,  or  else  (h)  pn  never  decreases.  In  case  (a),  2%  falls 
under  case  (1)  (a)  of  last  paragraph ;  in  case  (6),  ^2un  falls  under 
case  (1)  (&)  of  last  paragraph.  We  shall,  as  usual,  denote  the 
residue  of  2un  by  "Rn  l  a^d  we  shall  suppose  that  n  is  so  large 
that  modItn<  1* 

Now  (by  chap,  xxiv.,  §  7,  Example  2), 

Q„  =  (l+tt,^+,)(l+««n+.).    .    ., 
>  1  +!*„+,+ tt,»+,  +  .    .    ., 

>1+Rn  (1). 

Q'«  =  (l-t*„+,)(l-ttn+.).    .    ., 

>1-Rn  (2). 

Also, 

l/Q»  =  {l-t*nWO+^n+i)}{l-t*nWa+^n+.)}.    •    -, 

>  1  -  Un+i/{l  +  Un+i)  -  t*n+./(l  +  «„+,)  -  .    .    ., 
>l-Un^i-Un+9-  .    .    ., 

>1-Rn. 

Whence  Q„  -  1  <  Kn/(1  -  Rn)  (3). 

In  like  manner, 

1/Q n  =  { 1  +  «*n+./(l  -  Wn+i)}  { 1  +  «»+./(l  -  t*n+.)}  •    •    -, 

>  1  +  Un+i/il  -  Wn+i)  +  t^n+a/(l  -  %+.)  +  •    •    ., 

>  1  +  Un+,  +  t*„+,  +  .    .    ., 

>1+R„. 
Whence     .  1 -Q'n>R„/(l +Kn)  (4). 
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From  (1),  (2),  (3),  and  (4)  we  have 

R„<Q„-1<R„/(1-R„)  (5); 

R„/(l+R„)<l-Q'n<En  (6). 

Since  upper  and  lower  limits  for  R,t  can  be  calculated  by 
means  of  the  inequalities  of  last  paragraph,  (5)  and  (6)  enable  us 
to  estimate  the  residues  of  the  infinite  products  11(1  +i^„)  and 

Example.  Find  an  upper  limit  to  the  residue  of  11(1  -  aj"/?i),  «<!. 

Hereun=^M  Pt»=^/(I+l/'i)»  P=a^*  The  series  has  an  ascending  con- 
vergency-ratio  ;  and  we  have  Rn<«,^(l -p)<af*^■V(»  +  l)(l-ar).  There- 
fore, 1  -  Q'n<ic*+V(w  + 1)  (1  -  aj).  Hence,  if  P'n  be  the  »th  approximation  to 
11(1 -af»/n),  P'«  differs  from  the  value  of  the  whole  product  by  less  than 
100  a?«+V(«  + 1)  (1  -  a?)  7,  of  V'n  itself. 

CONVERGENCY   OF   DOUBLE   SERIES. 

§  32.]  It  will  be  necessary  in  some  of  the  following  chapters 
to  refer  to  certain  properties  of  series  which  have  a  doubly  in- 
finite number  of  terms.  We  proceed  therefore  to  give  a  brief 
sketch  of  the  elementary  properties  of  this  class  of  series.  The 
theory  originated  with  Cauchy,  and  the  greater  part  of  what 
follows  is  taken  with  slight  modifications  from  note  viii.  of  the 
Analyse  Algdbrigue,  and  §  8  of  the  RdsunUs  Analyiigues, 

Let  us  consider  the  doubly  infinite  series  of  terms  repre- 
sented in  (1).  We  may  take  as  the  general,  or  specimen  term, 
^m,ni  where  the  first  index  indicates  the  row,  and  the  second  the 
column,  to  which  the  term  belongs.  The  assemblage  of  such 
terms  we  may  denote  by  Sum^nj  ^^'^  we  shall  speak  of  this 
assemblage  as  a  Double  Series* 

A  great  variety  of  definitions  might  obviously  be  given  of 
the  sum  to  a  finite  number  of  terms  of  such  a  series;  and, 
corresponding  to  every  such  definition,  there  would  arise  a 
definite  question  regarding  the  sum  to  infinity,  that  is,  regarding 
the  convergency  of  the  series. 

There  are,  however,  only  four  ways  of  taking  the  sum  of  the 
double  series  which  are  of  any  importance  for  our  purposes. 

•  Sometimes  the  term  "  Series  of  Double  Entry  "  is  used. 
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First  Way, — ^We  may  define  the  finite  sum  to  be  the  sum  of 
all  the  mn  terms  within  the  rectangular  array  OKMN.  This 
we  denote  by  8,^,11  •  Then  we  may  take  the  limit  of  this  by 
first  making  m  and  finally  n  infinite,  or  by  first  making  n  in- 
finite and  finally  m  infinite.  If  the  result  of  both  these  limit 
operations  is  the  same  definite  quantity  S,  then  we  say  that 
^^,n  converges  to  &  in  the  first  way, 

0  A         B         C         D  K 


A' 
B' 
C 
D' 

Wl.l 

Ui,t 

«*1,4 

^l.» 

«*1.»M-1 

w«.i 

«1.2 

ti3,4 
«8.4 



t<3.i. 

Wa.iM-1 

M3.1 

«8.a 

«».» 

«».n 

«8.i.+l 

tt4.1 

M4.» 

W4.J 

W4.4 

M4.» 

«4.»+l 

Un,Z 

K' 

^.1 

Uu,% 

"-.4 

t*n.n 

1 

• 

• 

. 

• 

. 

L 

Mm.l 

Wm.2 

v^,% 

1^.4 

Um,n 

1 

«m.iH-l   1   •   •    • 

N 

ViM-1.2 

iWM.8 

Wm+1.4 

KnH-l.A 

J 

>  (1). 


It  may,  however,  happen — 1st,  that  both  these  operations 
lead  to  an  infinite  value ;  2nd,  that  neither  leads  to  a  definite 
value ;   3rd,  that  one  leads  to  a  definite  finite  value,  and  the 
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other  not ;  4th,  that  one  leads  to  one  definite  finite  value,  and 
the  other  to  another  definite  finite  value.  ""^  In  all  these  cases 
we  say  that  the  series  is  nonrconvergent  for  the  first  way  of 
summing. 

Second  Way. — Sum  to  n  terms  each  of  the  series  formed  hy 
taking  the  terms  in  the  first  m  horizontal  rows  of  (1) ;  and  call 
the  sums  T,,„,  T,,n,  •  •  .,  T,„.n.     Define 

S  „>^^  =  T,  ^^  +  Tg^^  +  .  .  .  +  T^^^  (2) 

as  the  finite  sum. 

Then,  supposing  each  of  the  horizontal  series  to  converge 
to  Tj,  Tg,  .  .  .,  T„|  respectively,  and  2T„»  to  be  a  convergent 
series,  define 

S'  =  Ti  +  X.  + .  .  .  +  T„,  +  .  .  .  ad  00  (3) 

as  the  sum  to  infinity  in  the  second  way. 

Third  Way. — Sum  to  m  terms  each  of  the  series  in  the  first 
n  columns;  and  let  these  sums  be  U,^,n>  ^%,mi  •  •  •>  I^n,w 
Define 

S"^,n  =  U,,^  +  Ug,,„  +  .  .  .  +  u„,„,  (4) 

as  the  finite  sum. 

Then,  supposing  these  vertical  series  to  converge  to  U,,  U,, 
.  .  .,  U»  respectively,  and  2Un  to  be  a  convergent  series, 
define 

S"  =  U,  +  U.  +  .  .  .  +  U„  +  .  .  .ad  00  (5) 

as  the  sum  to  infinity  in  the  third  way. 

So  long  as  m  and  n  are  finite,  it  is  obvious  that  we  have 

S'      —  Q"       —  d 

SO  that)  for  finite  summation,  the  second  and  third  ways  of 
summing  are  each  equivalent  to  the  first. 

The  case  is  not  quite  so  simple  when  we  sum  to  infinity.  It 
is  clear,  however,  that 

S'=^Lj^L^S„.„}  (6); 

and  S"  =  "lVl"s„,„}  (7); 


n=a>    m=ao 


*  Examples  of  some  of  these  cases  are  given  in  §  35  below. 
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SO  that  S'  and  S"  will  be  equal  to  each  other  and  to  S  when  the 
two  ways  of  taking  the  limit  of  Sm,n  both  lead  to  the  same 
definite  finite  result.* 

Fourth  Way, — Sum  the  terms  which  lie  in  the  successive 
diagonal  lines  of  the  array,  namely,  AA',  BB',  CC,  .  .  .,  KK' ; 
and  let  these  sums  be  D.,  Dg,  .  .  .,  Dn+i  respectively  ;  that  is, 

Define 

S'"n  =  D.  +  D.  +  .  .  .  +  Dh  (8) 

as  the  finite  sum ;  and,  supposing  SD^  to  be  convergent,  define 

S'"  =  D,  +  D,  +  .  .  .  +  Dn  +  .  .  .ad  00  (9) 

as  the  sum  to  infinity  in  the  fourth  way. 

The  finite  sum  according  to  this  last  definition  includes  all 
the  terms  in  the  triangle  OKK' ;  it  can  therefore  never  (except 
for  771  =  n=l)  coincide  with  the  finite  sum  according  to  the 
former  definitions.  Whether  the  sum  to  infinity  (S'")  according 
to  the  fourth  definition  will  coincide  with  S,  S',  or  S",  depends 
on  the  nature  of  the  series.  It  may,  in  fact^  happen  that  the 
limits  S,  S',  S"  exist  and  are  all  equal,  and  that  the  limit  S'"  is 
infinite.! 

§  33.]  Double  series  in  which  the  terms  are  all  ultimately  of  the 
same  sign.  By  far  the  most  important  kind  of  double  series  is 
that  in  which,  for  all  values  of  m  and  n  greater  than  certain 
fixed  limits,  u^^n  has  always  the  same  sign,  say  always  the 
positive  sign,  Since,  by  adding  or  subtracting  a  finite  quantity 
to  the  sum  (however  defined),  we  can  always  make  any  finite 
number  of  terms  have  the  same  sign  as  the  ultimate  terms  of 
the  series,  we  may,  so  far  as  questions  regarding  convergency 
are  concerned,  suppose  all  the  terms  of  ^u^^^  to  have  the  same 
(say  positive)  sign  from  the  beginning.  Suppose  now  (1)  to 
represent  the  array  of  terms  under  this  last  supposition ;  and  let 
us  farther  suppose  that  2)t^m,n  is  convergent  in  the  first  way. 

Then,  since  L(S,»+p,n+g  -  S^,„)  =  S  -  S  =  0,  when  m=oo, 
n  =  00  whatever  p  and  q  may  be,  it  follows  that  the  sum  of  all 

*  For  an  illustration  of  the  case  when  this  is  not  so,  see  below,  §  35. 
t  See  below,  §  36. 
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the  terms  in  the  gnomon  between  NMK  and  two  paraUels  to 
NM  and  MK  below  and  to  the  right  of  these  lines  respectively, 
must  become  as  small  as  we  please  when  we  remove  NM  suffi- 
ciently far  down  and  MK  sufficiently  far  to  the  right 

From  this  it  follows,  a  fcrtioriy  seeing  that  all  the  terms  of 
the  array  are  positive,  that^  if  only  m  and  n  be  sufficiently  great, 
the  sum  of  any  group  of  terms  taken  in  any  way  from  the  residual 
terms  lying  outside  OKMN  will  be  as  small  as  we  please.' 

Hence,  in  particular, 

1st.  The  total  or  partial  residue  of  each  of  the  horizontal 
series  vanishes  when  n  =  oo . 

2nd.  The  same  is  true  for  each  of  the  vertical  series. 

3rd.  The  same  is  true  for  the  series  2Dn. 

The  last  inference  holds,  since  S" »  obviously  lies  between 
Sg,n-g  and  S«_,,n-i. 

Hence 

Theorem  I.  If  all  the  terms  of  Dt^m.n  ^  posUive,  and  if  the 
series  be  convergent  in  the  first  sense,  then  each  of  the  horizontal  series, 
each  of  (he  vertical  series,  and  the  diagonal  series  will  be  convergent, 
and  the  double  series  trill  be  comer geni  in  the  remaining  three  ioays, 
always  to  the  same  limit. 

If  we  conmiutate  the  terms  of  a  double  series  so  that  the 
term  nm,n  becomes  the  term  tA,»',n',  where  m'  =f{m,n),  n'  =  g{m,n), 
f{m,n)  and  g{m,n)  being  functions  of  m  and  n,  each  of  which  has  a 
distinct  value  for  every  distinct  pair  of  values  of  m  a/nd  n  (say  non- 
repeating functions),  and  each  of  which  is  finite  for  all  finite  values 
of  m  and  n  (Restriction  A*),  then  we  shall  obviously  leave  the 
convergency  of  the  series  unaffected.     Hence 

Cor.  1.  If  2t4m,»  be  a  series  of  positive  terms  convergeni  in  the 
first  way,  then  any  commutation  of  its  terms  {under  Restriction  A) 
wHl  leave  its  convergency  unaffected;  that  is  to  say,  it  will  converge  in 
all  the  four  ways  to  the  same  limit  S  as  before. 

*  No  such  restriction  is  usually  mentioned  by  writers  on  this  subject ; 
but  some  such  restriction  is  obviously  implied  when  it  is  said  that  the  terms 
of  an  absolutely  convergent  series  are  commutative ;  otherwise  the  character- 
istic property  of  a  convergent  series,  namely,  that  it  has  a  vanishing  residue, 
would  not  be  conserved. 
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Cor.  2.  If  the  terms  {all  positive)  of  a  convergent  single  series 
2«*ft  be  arranged  into  a  double  series  ^m'.n't  v>here  m'  and  n'  are 
fmtciions  of  n  subject  to  Restriction  Ay  then  ^u^'^^'  f^l  converge  in 
all  four  vmys  to  the  same  limit  as  l.u^. 

It  should  be  noticed  that  this  last  corollary  gives  a  further 
extension  of  the  laws  of  commutation  and  association  to  a  series 
of  positive  terms ;  and  therefore,  as  we  shall  see  presently,  to 
any  absolutely  convergent  series. 

Let  us  next  assume  that  the  series  Su^.n  is  convergent  in  the 
second  way.  Then,  since  2T^  is  convergent,  we  can,  by  suffi- 
ciently increasing  m,  make  the  residue  of  this  series,  that  is,  the 
sum  of  as  many  as  we  choose  of  the  terms  below  the  infinite 
horizontal  line  NM,  less  than  \€,  where  €  is  as  small  as  we 
please.  Also,  since  each  of  the  horizontal  series  is,  by  our 
hypothesis,  convergent,  we  can,  by  sufficiently  increasing  n,  make 
the  residue  of  each  of  them,  less  than  €/2m  ]  and  therefore  the 
sum  of  their  residues,  that  is,  as  many  as  we  please  of  the  terms 
above  NM  produced  and  right  of  MK,  less  than  \t.  Hence,  by 
sufficiently  increasing  both  m  and  n,  we  can  make  the  sum  of 
the  terms  outside  OKMN,  less  than  c,  that  is,  as  small  as  we 
please.  From  this  it  follows  that  St^m,n  is  convergent  in  the 
first  way,  and,  therefore,  by  Theorem  I.,  in  all  the  four  ways. 

In  exactly  the  same  way,  we  can  show  that,  if  ^ni,n  is  con- 
vergent in  the  third  way,  it  is  convergent  in  all  four  ways. 

Finally,  let  us  assume  that  ^u^^n  is  convergent  in  the  fourth 
way.  It  follows  that  the  residue  of  the  diagonal  series  2Dp  can, 
by  making  p  large  enough,  be  made  as  small  as  we  please. 
Now,  if  only  m  and  n  be  each  large  enough,  the  residue  of  ^m.n, 
that  is,  the  sum  of  as  many  as  we  please  of  the  terms  outside 
OKMN,  will  contain  only  terms  outside  OKK',  all  of  which  are 
terms  in  the  residue  of  S'"p.  Hence,  since  all  the  terms  in  the 
array  (1)  are  positive,  we  can  make  the  sum  of  as  many  as  we 
please  of  the  terms  outside  OKMN  as  small  as  we  please,  by 
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sufficiently  increasing  both  m  and  n.  Therefore  2t^m,n  is  con- 
vergent in  the  first  way,  and  consequently  in  all  four  ways. 

Combining  these  results  with  Theorem  I.,  we  now  arrive  at 
the  following : — 

Theorem  II.  If  a  d&Me  series  of  posiiive  terms  converge  in  any 
OTie  of  the  four  ways  to  the  limit  S,  it  also  coTwerges  in  all  the  other 
three  ways  to  the  same  limit  S;  and  the  subsidiary  single  series, 
horizontal,  vertical,  and  diagonal,  are  all  convergent. 

Cor.  Any  single  series  S«^n'  consisting  of  terms  selected  from 
St*^,n  (under  Restriction  A)  will  he  a  convergerU  series,  if  2t*m,n  he 
convergent. 

Restriction  A  will  here  take  the  form  that  n'  must  be  a 
function  of  m  and  n  whose  values  do  not  repeat^  and  which  is 
finite  for  finite  values  of  m  and  n. 

Example,  The  double  series  Sa?™y"  is  convergent  for  all  values  of  x  and  y, 
snch  that  0<x<  +1,  0<y<  +1. 

For  the  (m+ l)th  homontal  series  is  as»2y",  which  converges  to  af*/(l  -  y) 
since  0  <  y  <  + 1.  Also  2af»/(l  -  y)  converges  to  1/(1  -  a:)  ( 1  -  y)  since  0  <  a;  <  + 1. 

§  34.]  Absolutely  Convergent  Double  Series. — ^When  a  double 
series  is  such  that  it  remains  convergent  when  all  its  terms  are 
taken  positively,  it  is  said  to  be  Absolutely  Convergent, 

Any  convergent  series  whose  terms  are  all  ultimately  of  the 
same  sign  is  of  course  an  absolutely  convergent  series  according 
to  this  definition. 

It  is  also  obvious  that  all  the  propositions  which  we  have 
proved  regarding  the  convergency  of  double  series  consisting 
solely  of  positive  terms  are,  a  fortiori,  true  of  absolutely  conver- 
gent double  series,  for  restoring  the  negative  signs  will,  if  it 
affect  the  residues  at  all,  merely  render  them  less  than  before. 

In  particular,  from  Theorem  II  we  deduce  the  following, 
which  we  may  call  Cauchj/s  test  for  the  absolute  convergency  of  a 
double  series. 

Theorem  III.  If  u\m,n  ^  the  numerical  or  positive  value  of 
Um,n9  ^^  */•  ol^  ^^  horizontal  series  of  ^u'm.n  be  convergent,  and  the 
sum  of  their  sums  to  infinity  also  convergent,  then 

1st  The  Horizontal  Series  of  ^Um^n  ^^^  (^^  absolutely  convergent, 
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and  the  sum  of  their  sums  to  infinity  converges  to  a  definite  finite 
limit  S. 

2iid.  ^Um,n  converges  to  S  in  the  first  way. 

3rd.  All  the  Vertical  Series  are  absolutely  convergent,  a/nd  the 
sum  of  their  sums  to  infimty  converges  to  S. 

.  4th.  The  Diagonal  Series  is  absolutely  convergent,  and  con/verges 
toS. 

5th.  Any  series  formed  by  taking  terms  from  2w^,w  {under 
Restriction  A)  is  absolutely  convergent. 

The  like  conclusions  also  folloWy  if  aU  the  vertical  series,  or  if  the 
diagonal,  series  of  ^  m,n  be  comfergerU. 

Cor.  If  ^Un  and  2vn  be  each  absolutely  convergent,  and  converge 
to  u  and  v  respectively,  then  ^2j(^v^  +  lin-i^a  + .  .  .  +  u^v^  is  abso- 
lutely convergent,  and  converges  to  uv. 

For  the  series  in  question  is  the  diagonal  series  of  the  double 
series  ^tim^m  which,  as  may  be  easily  shown,  satisfies  Gauchy's 
conditions. 

This  is,  in  a  more  special  form,  the  theorem  already  proved 
in  §14. 

Example  1.  Find  the  condition  that  the  double  series  1  +  S(  -  )"'nCf»je"~*y" 
(n>m)  be  absolutely  convergent ;  and  find  its  sum. 
The  series  may  be  arranged  thus  :— 

l+a;+a?+  .  .  .  +a5»+  .  .  . 

-y-2yaj-8ya?-  .  .  .  -(n+l)ya?»-  .  .  . 

+2/»+82/^+63/V+ .  .  .  +i(»+l)(«+2)y>aj»+.  .  . 

(.)mym+(_)m^jCi2ra;+(-)«„^a3raJ*+.  .  .  +(-)~«,+nC„jrw+ •  .  • 

If  s^  and  j/  be  the  moduli,  or  positive  values,  of  x  and  y,  then  the  series 
^u'mtn  corresponding  to  the  above  Trill  be 

1+x^+a^-h  .  .  .  +aj'«+  .  .  . 
+  y'+2yV  +  8y'a^+  .  .  .  +(71+1)1^0;'*+  .  .  . 


In  order  that  the  horizontal  series  in  this  last  may  be  convergent,  it  is 
necessary  and  sufficient  that  a^<l. 

Also  Tm=y'"*/(l-a!')**+^;  hence  the  necessary  and  sufficient  condition 
that  2T'«  be  convergent  is  that  y'<l-a:',  which  implies,  of  course,  that 

The  given  series  will  therefore  satisfy  Cauchy's  conditions  of  absolute  con- 
vergency  if  mods <1,  modx+mod^<l,  and  consequently  also  mody<l. 
These  being  fulfilled,  we  have  T«= ( -  )"^'»/(l  -  aJ)**^-^ ; 
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and  the  sum  of  the  series  in  whatever  order  we  take  its  terms  is  1/(1  -x+y). 
Example  2.  If  u^==si?^ +7^     +0?^  +  .  .  .,  where  «<!,  show  that 

«•+»'+««+         -2«.    «^"    ^'    "^ 

Let  S  denote  the  series  on  the  left  Then  S  may  be  written  as  a  double 
series  thus, 

+  ^(0  +  0+2?"+.  .  .+aj»"+.  .  .) 

Now  each  of  the  vertical  series  is  absolutely  convergent,  and  we  have 
Vn=x^{l  -  l/2»^i)/(l  -  i)=a^"(2  - 1/2").  UJn  is  of  the  same  order  of  con- 
vergence as  ^a?^,  hence  it  is  absolutely  convergent.  Also  all  the  terms  of  the 
double  series  are  positive.  The  double  series  therefore  satisfies  Cauchy's 
conditions ;  and  its  sum  is  the  same  as  that  of  ZUn,  or  of  ZTn.    Now 

2Tn=«o/2°+Wi/2^+W8/2'+.  .  •; 
and  2Un=2a?"(2-l/2"), 

=  22aj>--2;aj>"/2*, 

Hence  the  theorem. 

§  35.]  Examples  of  the  exertional  cases  that  arise  when  a  double 
series  is  not  absolutely  convergent.  It  may  help  to  accentuate  the 
points  of  the  foregoing  theory  if  we  give  an  example  or  two  of 
the  anomalies  that  arise  when  the  conditions  of  absolute  con- 
vergency  are  not  fulfilled. 

Example  1.  It  is  easy  to  construct  double  series  whose  horizontal  and 
vertical  series  are  absolutely  convergent,  and  which  nevertheless  have  not  a 
definite  sum  of  the  first  kind  ;  but,  on  the  other  hand,  have  one  definite  sum 
of  the  second  kind  and  another  of  the  third  kind. 

If  the  finite  sum  of  the  fii-st  kind,  Sm.m  of  a  double  series  be  A+y(m,n), 
where  A  is  independent  of  m  and  n,  then  it  is  easy  to  see  that 

«».n=/lm,n) -y(m  - 1  ,w) -y(m,n  - 1) +y(m  - 1  ,n  - 1). 
Hence  we  have  only  to  givey(wi,7i)  such  a  form  that 

L    {  L  Am,n)}=^  L   {  L  y(m,w)}, 
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and  we  shall  have  a  series  whose  sums  of  the  second  and  third  kind  are  not 
alike,  and  which  consequently  has  no  definite  sum  of  the  first  kind. 

Suppose,  for  example,  that /[w ,  n) = (m + 1  )/(m + « + 2),  then 
t4>,,n=(m+l)/(m+«+2)-m/(m+w+l)-(m  +  l)/(m+n  +  l)  +  m/(m  +  »), 
=  (m-n)/(m+w)(w+»  +  l)(m+n+2). 

It  is  at  once  ohyious  that  the  sums  of  the  second,  third,  and  fourth  kind 
for  this  series  are  all  different.  For  in  the  first  place  we  observe  that 
i^.n=  -^.m-  Hence  there  is  a  ''skew**  arrangement  of  the  terms  in, the 
array  (1),  such  that  the  terms  equidistant  from  the  dexter  diagonal  of  the 
array  and  on  the  same  perpendicular  to  this  diagonal  are  equal  and  of  opposite 
sign,  those  on  the  diagonal  itself  being  zero.  Each  term  of  the  diagonal  series 
DDn  is  therefore  zero  ;  and  the  sum  of  the  fourth  kind  is  0. 

Also,  owing  to  the  arrangement  of  signs,  we  have  Tm.n=  -Um.n ;  and, 
since  each  of  the  horizontal  and  each  of  the  vertical  series  in  this  case  is 
convei^nt,  T»=  -  TJm,  and  therefore  S'=  -  S*. 

Now 

T«.n=  2  [(m+l){l/(m+«+2)-l/(m+n+l)}  -m{l/(m+n+l)-l/(m+n)}], 
n=l 
=(wi  +  l){l/(m+n  +  2)-l/(m+2)}-m{l/(m+n+l)-l/(w  +  l)}. 

Hence 
T«=-(m  +  l)/(m+2)  +  m/(m  +  l)=-l/(w+l)(m+2). 

The  series  2)Tm  is  therefore  absolutely  convergent ;  and  its  sum  to  infinity 
is  obviously  -1+1/2= -1/2.  Hence  the  double  series  has  for  its  sum 
- 1/2,  + 1/2,  or  0,  according  as  we  sum  it  in  the  second,  third,  or  fourth  way. 

At  first  sight,  the  reader  might  suppose  (seeing  that  the  horizontal  series 
are  all  absolutely  convergent,  and  that  the  sum  of  their  actual  sums  is  also 
absolutely  convergent)  that  this  case  is  a  violation  of  Cauchy*8  criterion. 
But  it  is  not  so.  For,  if  we  take  all  the  terms  in  the  mth  horizontal  series 
positively,  and  notice  that  the  terms  begin  to  be  negative  after  m=n,  then 
we  see  that  I'm  the  sum  of  the  positive  values  of  the  terms  in  the  mth  series 
is  given  by 

T'm=    2  !*,».„-       2      Ur^,n, 
n=sl  nsni+l 

=  (m+l){l/(2m  +  2)-l/(w  +  2)}-wi{l/(2m  +  l)-l/(m+l)} 

-(wi+l){0-l/(2m+2)}+»»{0-l/(2m  +  l)}, 

=  1  -  2m/(27?i+ 1)  -  (m  + l)/(w  +  2)+w/(m  + 1), 

=(m'+m+l)/(?/i  +  l)(m  +  2)(2m+l). 

Now  the  convergence  of  2T  ^  is  of  the  same  order  as  that  of  21/m,  that  is 
to  say,  2T'm  is  divergent  Hence  Cauchy's  conditions  are  not  fully  satisfied  ; 
and  the  anomaly  pointed  out  above  ceases  to  be  surprising.  The  present  case 
is  an  excellent  example  of  the  care  required  in  dealing  with  double  series 
which  are  wont  to  be  used  somewhat  recklessly  by  beginners  in  mathematics.* 

*  Before  Cauchy  the  reckless  use  of  double  series  and  consequent  perplexity 
was  not  confined  to  beginners.  See  a  curious  paper  by  Babbage,  Phil.  Trans. 
RS.L,  (1819). 
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Example  2.  The  double  series  2)(  -  )"*+"! /m**,  whose  horizontal  and  rerti- 
cal  series  are  each  semi-convergent,  converges  to  the  sum  (log  2f  in  the  second, 
third,  or  fourth  way  (see  chap,  xxviii,  §  9,  and  Exercises  XIIL  14).  But 
alteration  in  the  order  of  the  terms  in  the  array  would  alter  the  sum  (see 
chap,  xxviii.,  §  4,^  Example  8). 

Example  3.  If  the  two  series  Zon  and  Zdn  conveige  to  a  and  b  respactively, 
and  at  least  one  of  them  be  absolutely  convergent,  then  it  follows  from  §  14 
that  the  double  series  ^^bn  converges  to  the  same  sum,  namely  ab,  in  all  the 
four  ways,  although  it  is  not  absolutely  convergent,  and  its  sum  is  not  inde- 
pendent of  the  order  of  its  terms. 

The  same  also  follows  by  §  20,  Cor.,  provided  Son,  2dn,  2(a„5i -i- On-i^ 
+  .  .  .  +ai6„)  be  all  convergent,  even  if  no  one  of  the  three  be  absolutely 
convergent* 

If,  however,  both  Som  and  Z^n  be  semi-convergent,  then  the  diagonal  series 
may  be  divergent,  although  the  series  converges  to  the  same  limit  in  the 
second  and  third  way.  This  happens  with  the  series  2(  -  )"»+"l/(ww)«  where 
a  is  a  quantity  lying  between  0  and  i.  This  series  obviously  converges  to  the 
finite  limit  (1  -  l/2»  +  l/8»-  ...  )2  in  the  second  and  third  ways.  For  the 
diagonal  series  we  have 

Dn=  2  l/r-(n-rr. 

Now,  since  0<a<l,  we  have,  by  chap,  xxiv.,  §  9,  r*-t-(H-r)*<2^"*{r 
+  (n-r)>*<2^-*»». 
Therefore 

2^-*»*      f^in-ry        2^-*n*       t*(n-r)* 
2        n  J^  2         n 

^2i-*n»^?ir-     "*  2i-*?i*'n«' 
<2«n^-2«. 

Hence,  if  o=i,  LDn<t2*;  and,  if  a<i,  LDn=oo,  when  n=3o.      Therefore 
2D,»  divei^s  if  0  <  a  >  J. 


IMAGINARY   DOUBLE   SERIES. 

§  36.]  After  what  has  been  laid  down  in  §  10,  it  will  be 
obvious  that,  in  the  first  instance,  the  convergency  of  a  double 
series  of  imaginary  terms  involves  simply  the  convergency  of 
two  double  series,  each  consisting  of  real  terms  only. 

It  is  at  once  obvious  that  each  of  the  two  double  series, 
2aTO,n>  ^Pm.ny  will  be  absolutely  convergent  if  the  double  series 

♦  See  Stolz,  AUgemeine  ArUhmUik,  Th.  I.,  p.  248. 
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2  V(a*,n,n  +  j8*m,n)  IS  convergent  Hence,  if  u'^^n  denote  the 
modulus  of  iim^n  =  <hn,n  +  ^Pm^ny  WO  Bee  that  2u^^n  will  converge 
to  the  same  limit  in  all  four  ways  if  2)t£'m,n  ^  convergent 
In  this  case  we  say  that  the  imaginary  series  is  absolutely 
convergent 

Since  all  the  terms  u'^^n  are  positive,  we  deduce  from 
Theorem  IT.  the  following : — 

Theorem  IV.  If  all  the  horizovdal  series  in  the  dovhle  series 
Jwmtd  hy  the  moduli  of  the  terms  of  Si«,»,«  be  convergent,  and  the  sum 
of  their  sums  to  infinity  be  also  convergent,  then  the  series  ^u^.n  *« 
absolutely  convergent,  and  all  its  subsidiary  series  are  also  absolutely 
convergent. 

Here  subsidiary  series  may  mean  any  series  formed  by  select- 
ing teims  from  Dt£m,n  under  Restriction  A.  Theorem  lY.,  of 
course,  includes  Theorem  HI.  as  a  particular  case. 

§  37.]  The  following  simple  general  theorem  regarding  the 
convergency  of  the  double  series  2a„^,naJ^»*  will  be  of  use  in  a 
later  chapter. 

If  the  moduli  of  the  coeffiderUs  of  the  series  2a^^«  a^'*y*^  ham  a 
finite  upper  limit  A,  then,  Sa^^n  a;"y*  is  absolutely  convergent  for  all 
values  of  x  and  y  such  that  mod  x<l,  mod  y<l. 

For,  if  dashes  be  used  to  indicate  moduli,  we  have,  by 
hypothesis,  a'm,n^^  Hence  the  series  'Ea'^.w^^y'^  is,  a  fortiori, 
convergent  if  the  series  2Aic'"y*  is  convergent;  that  is,  if 
2a/»y»  is  convergent.  Now,  as  we  have  already  seen  (§  33), 
this  last  series  is  convergent  provided  x'<\  and  y<  1.  Hence 
the  theorem  in  question. 

EXERCISBS  YIII. 

Eicamine  the  convergency  of  the  series  whose  nth  terms  are  the  follow- 
ing :— 

(1.)  (l+n)/(l+»«).  (2.)  nPl{nP+a). 

(8.)  «-"'*.  (4.)  l/(7i«±l). 

(6. )  1/ V(w» -n){^/n'-^J{n-l)),  (6.)  a»/(a"  +  aJ«). 

(7.)  (n!)V»/(2n)!.  (8.)  «*/««• 

(9.)  {(y+aj*)/(a-x")}V«  (10.)  »Iog  {(2«+1)/(2ji-1)} -1. 
(11.)  l-8'5  .  .  .  (2»-l)/2-4-6  .  .  .  2». 
(12.)  {1/1*+ 1/2*+.  .  .  +  l/n*}/u* 
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(13.)  l/(an+6).  (14.)  n/(a»2  +  6). 

(15.)  m(m-l) .  .  .  (m-M  +  l)/»».  (16.)  {(n+l)/(n+2)}»/n. 

(17.)  Show  that  !?^+^+ V  +  ^^^^r^^^  +'"^  ^^^^'fS^^'  o^ 
^      '  n     n(»+l)      7i(7i+l)(n.+2)  ** 

divergent  according  asn-m^  or  >>1. 

(18.)  Show  that  a^'"»+aV»»+i/(»+i)+ai/«M-i/(i*fi)+i /(»+«)+  .  .  .  is  converg- 
ent or  divergent  according  as  a<  or  <l/e.  (Bourguet,  Nouv,  Aniu^  ser. 
ii.,  t.  18.) 

(19.)  Examine  the  convergency  of  21/w<«+i)/ii. 

(20.)  Show  that  2n«»/(»+l)^  is  convergent  or  divergent  according  as 
a>  or  M.     (Bertrand.) 

(21.)  Show  that  21/»  log  n  {log  log  ;i}*  is  convergent  or  divergent  accord- 
ing as  a>  or  <1. 

(22.)  Show  that  Zl/^w+l  +  cosnx)' is  convergent.  (Catalan,  TraiU  j61 
d.  Series,  p.  28.) 

Examine  the  convergency  of  the  following  infinite  products : — 

(23.)  n{l+/(n)r*},  where /(n)  is  an  integral  function  of  w. 

(24.)  n{(aj*«+aj)/(aj*»+l)}.  (26.)  U{n'+y(n-iy(n  +  z)}. 

(26.)  If  2/(n)  he  convergent,  show  that,  when  n=Qo, 

(27.)  If  p  denote  one  of  the  series  of  primes  2,  3,  5,  7,  11,  .  .  .,  then 
2/(P)  is  convergent  if  S/(j?)/  logp  is  convergent.  (Bonnet,  LUmvUle's  Jour. , 
viii.  (1843),  and  Tchebichef,  i6.,  xvii.  (1852).) 

(28.)  If  SB  <  1,  show  that  the  remainder  after  n  terms  of  the  series 
ra;  +  2^Jc«  +  8*-a?»  +  .  .  . 

is  <  (n + l)»'aj^V  {1  -  (1  +  V'^Yx) . 

(29.)  If  uqi  t«b  •  •  .,  1^  be  all  positive,  and  Zuna^  be  convergent  for  all 
values  of  a?  <  a",  then 

will  be  convergent  between  the  same  limits  ot  x, 

(30.)  Point  out  the  fisillacy  of  the  following  reasoning  :^ 

Let  2=1+J  +  J  +  .  .  .  adoo, 

then  log.2  =  l-J  +  J-J  +  .  .  . 

=(l  +  i  +  i  +  .  .  .)-2(i+l  +  t  +  .  .  .) 

=2-22/2  =  0. 

(31.)  If  p  and  p'  be  the  ratios  of  convergence  of  21/Pr-i(n)  {Z»^^«}  ^+*  and 
21/P»{^w}i+*'  (see  §  6),  then  L(p»'-A>n)Pr-i(w)=a,  when  n=oo.  What 
conclusion  follows  regarding  the  convergence  of  the  two  series  ? 

(32.)  If  2m»  is  divergent,  then  2M„/Sn-i*  is  divergent  if  a>l  (where. 
Sn=Mi+t«a+  •  •  •  +Wn),  and  2Mn/S»*+^  is  convergent  if  a>0.     Hence  show 
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that  there  can  be  no  function  ^n)  such  that  every  series  Zt6»  is  convergent  or 

divergent,  according  as   L  ^n)w»=  or  +0.     (Abel,  (Euvres,  ii.,  p.  197.) 
n=oo 

(88.)  If  Zujt  be  any  convergent  series  whose  terms  are  ultimately  positive, 
we  can  always  find  another  convergent  series,  ^Vnt  whose  terms  are  ultimately 
positive,  and  such  that  Li7„/t^= oo . 

If  ZUn  be  any  divergent  series  whose  terms  are  ultimately  positive,  we 
can  always  find  another  divergent  series  whose  terms  are  ultimately  positive, 
and  such  that  lMfJvn=  « . 

(These  theorems  are  due  to  Du  Bois-Reymond  and  Abel  respectively  ;  for 
concise  demonstrations,  see  Thomae,  EUmentare  Theorie  der  AnaZytiachen 
Functwiien.    Halle,  1880.) 

(34.)  If  t4«+i/wn=(?i*+An*-i  +  .  .  .)/(w«  +  A'ii«-i+.  .  .),  then  2ttn  will 
be  convergent  or  divergent  according  as  A-A'>  or  >-l.  (Gauss,  Werke, 
Bd.  iii.,  p.  139.) 

(86.)  If  itn+i/iin=0'-Pln  +  yln^  +  Sln^+  .  .  .,  then  Sw„  is  convergent  or 
divergent  according  as  a<  or  >1.  If  0=1,  Su^  is  convergent  only  if  /3>1. 
(Schlomilch,  ZeUschr.f,  Math.,  x.,  p.  74.) 

(86.)  21/t4„  id  convergent  if  ti^+a-  2w»+i+t4„  is  constant  or  ultimately  in- 
creases with  n.     (Laurent,  Novaj,  Ann.,  ser.  ii.,  t.  8.) 

(37.)  If  the  terms  of  Sw»  are  ultimately  positive,  then — 

(I.)  If  ^(n)  can  be  found  such  that  ^(n)  is  positive,  L^n)Un=0,  and 
L{^(n)Mn/«n+i  -  ^(w+ 1)}  >0,  S/Mn  is  Convergent. 

(II.)  If  i/<«)  be  such  that  L^(n)i4„=0,  L{^(n)itn/t^,+i-f(n  +  l)}=0,  and 
Lf  (n)ttn/  {^{n)unluy^i  -  ^Kn  + 1 )}  4=0,  2m„  is  divergent. 

(III.)  If  Un/Un+i  can  be  expanded  in  descending  powers  of  n,  2i^  is  con- 
vergent or  divergent  according  as  L  {nUn/Un+i  -  (w  + 1)}  >  or  >  0. 

(IV.)  If  Ufjun+i  can  be  expanded  in  descending  powers  of  n,  SWn  ifl  con- 
vergent or  divergent  according  as  Lnt^=  or  4=0.  (Eummer*s  Criteria, 
Orelle*8  Jour.,  xiii.  (1885)  and  xvi.) 

(38.)  If  the  terms  of  2t^  be  ultimately  positive,  and  if,  on  and  after  a 
certain  value  of  n,  OnUn/itn+i  -  ^n+i  >  fh  where  a^  is  a  function  of  n  which 
is  always  positive  for  values  of  n  in  question,  and  fi  is  a  positive  constant, 
then  ^lin  is  convergent. 

From  this  rule  can  be  deduced  the  rules  of  Cauchy,  De  Morgan,  and 
Bertrand.     (Jensen,  Camptes  Mendus,  c.  vi.,  p.  729.     1888.) 

Discuss  the  convergence  of  the  following  double  series : — 
(89.)  DC  -  )»-ir*«/n.  (40.)  S(  -  ly-^i^ln  I . 

(41.)  S{(TO-l)«/?i«+i-»"»/(n  +  l)"H-i}. 
(42.)  2aj«y»/(m  +  70.  (48.)  Sl/(m+n)2. 

(44.)  Zl/(m  +  7i).  (45.)  21/(mJ'-n2). 

(46.)  Under  what  restrictions  can  1/(1+ a; +  2/)  be  expanded  in  a  double 
series  of  the  form  1  +  ZAm.n  iC^  ? 

(47.)  If  Zt^,n  converge  to  S  in  the  first  way,  and  if  its  diagonal  series  be 
convergent,  show  that  the  diagonal  series  converges  to  S  also. 
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Dedace  Abel's  Theorem  regarding  the  product  of  two  semi-convergent 
series.     (See  Stolz,  Math,  Ann,,  xxiv.) 

(48. )  If  ttn/t^n-i  can  be  expanded  in  a  series  of  the  form  1  +  ajn + ajv?  + . . . , 
show  that 

l^  If  ai=0,  02=0,  .  .  .,  a/^i=0,  a^#s  0,  then  t/«=u+v«i/n,  where  t^  is  a 
definite  constant  4=  0  and  4=  oo ,  and  Lvn  is  finite  when  n=  oo . 

2^  If  a\  4:0,  and  the  real  part  of  a\  be  positive,  then  Li^i=:oo  when 
n=oo. 

3°.  If  Oi  #s  0,  and  the  real  part  of  ai=0,  then  lain  is  not  infinite,  but  is 
not  definite. 

4^  If  Oi  4=  0,  and  the  real  part  of  a-i  be  negative,  then  Lun=0. 

Apply  these  results  to  the  discussion  of  the  convergency  of  Zunse",  and, 
in  particular,  to  the  Hypergeometric  Series,  and  to  the  following  series : — 

2^+^n(aJ+yi)»,    2aJ»K+",     2«C^(m+7t)^    2(  -  )"«C„/(m  +  n)P. 

(See  Weierstrass,  Uler  die  Theorie  die  AncUytisehen  FactUidt.—OrelUi's 
Jour,,  li.) 

(49. )  Discuss  the  convergence  of  2  «Cn(o  -  n/3)*»-^(a; + n/3)". 

(50.)  If  tin  and  Vn  be  positive  for  all  values  of  n,  never  increase  when  n 
increases,  and  be  such  that  Lun=0,  Lvn=0,  when  n^oo,  find  the  necessary 
and  sufficient  condition  that  Z(i^Vi+Un*iVs+.  .  .  +  «it;n)=2t^xZVn.  (See 
Pringsheim,  Math.  Ann,,  Bd.  xxi) 
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CHAPTEE   XXVII. 
Binomial  and  Multinomial  Series  for  any  Index. 

BINOMIAL  SERIES. 

§  1.]  We  have  already  shown  that^  when  m  is  a  positive 
integer, 

(l+x)«*=l+^C,a;  +  ^C^  +  ..  .  +  niCnaJ"  +  .  •    -^J^n^     (1), 
where  wCn  =  m(m-l)  .  .  .  (m-n+l)/w!  (2). 

When  m  is  not  a  positive  integer,  ^Gn^  although  it  has  still  a 
definite  analytical  meaning,  can  no  longer  be  taken  to  denote 
the  number  of  n-combinations  of  m  things;  hence  our  former 
demonstration  is  no  longer  applicable.  Moreover,  the  right-hand 
side  of  (1)  then  becomes  an  infinite  series,  and  has,  according 
to  the  principles  of  last  chapter,  no  definite  meaning  unless  the 
series  be  convergent.  In  cases  where  the  series  is  divergent 
there  cannot  be  any  question,  in  the  ordinary  sense  at  least) 
regarding  the  equivalence  of  the  two  sides  of  (1). 
As  has  already  been  shown,  the  series 

l+mCia;  +  mC,aj"+  .  .  .  +^C„^~+  ...  (3) 

is  convergent  when  x  has  any  real  value  between  -  1  and  +  1  ; 
also  when  aj  =  +  1,  provided  m>  -  1 ;  and  when  a;  =  -  1,  pro- 
vided w>  0.  We  propose  now  to  inquire,  whether  in  these  cases 
the  series  (3)  still  represents  (1  +  x)^  in  any  legitimate  sense. 

In  what  follows,  we  suppose  the  numerical  value  of  m  to  be 
a  commensurable  number;*  also,  for  the  present^  we  consider 

*  If  m  be  incommensurable  we  must  suppose  it  replaced  by  a  commensur- 
able approximation  of  sufficient  accuracy. 
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only  real  values  of  x^  and  understand  (1  +  x)^  to  be  real  and 
positive. 

§  2.]  If  we  assume  that  (1  +  x)^  can  be  expanded  in  a  con- 
vergent series  of  ascending  powers  of  Xj  then  it  is  easily  shown 
that  the  coeflScient  of  a^  must  be  m{m  -  1)  .  .  .  (m  -  n  +  l)/n  I . 

For,  let 

(1  +  x)^  =  a©  +  ^i^J  +  a^  +  .  .  .  +  OnX^  +  .  .  .        (1) 
where  a©  +  a^x  +  a^  +  .  .  .  +  a^  +  .  .  .  (2) 

is  convergent  so  long  as  moda;<B  (it  will  ultimately  appear 
that  R  =  1).    Then,  if  h  be  so  small  that  mod  («  +  A)  <  R,  we  have 

(l+x  +  h)^  =  ao  +  a^{x  +  A)  +  ajix  +  A)*  +  . . .  +  ajx  +  A)**  +  . . .   (3), 

the  series  in  (3)  being  convergent  by  hypothesis. 
Hence  by  the  principles  of  last  chapter,  we  have 

(1  +  g  +  A)^  -  (1  +  a;)^  _      {x  +  h)-x        {x  +  Kf  -x^ 
(l+a:  +  A)-(l+x)    "■^*(ic  +  A)-a;"^^''(aj  +  A)"-ic  "^  *  *  " 

the  series  in  (4)  being  still  convergent  Hence,  if  we  make 
A  s=  0,  and  observe  that 

^    (l+x  +  A)-(l+a;)    -^Vl+^^      ' 

{x  +  h)-x 
by  chap,  xxv.,  §  12,  we  have 

m{l  +  x)^-"^  ==  tti  +  2a^  +  .  .  .  +nanix^-'^+  .  .  .     (5), 

where  the  series  on  the  right  must  still  be  convergent  since 
L(»+  lyin+i/non^lian+i/an  when  »=  oo.  Hence,  multiplying 
by  I  +x,  we  deduce 

m(l  +  a;)**  =  »!  +  («!  +  2a8)a;  +  .  .  .  +  {won  +  (^  +  l)an+i}^  +  •  •  -i 
that  is, 

ma^  +  ma^x  +  .  .  .  +  wia^*^  +  .  .  .  ^  a,  +  (aj  +  2aa)x  +  .  .  .  +  {non 
+  (n+l)a„+Ja;»+  .  .  .  (6). 
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'  By  chap,  xxvi.,  §  21,  the  coefficients  of  the  powers  of  x  on 
both  sides  of  (6)  must  be  equal.     Hence 

ai  =  wwo,  2a,  =  (w  -  l)a„  .  .  .,  (n  +  l)an+i  =  (m  -  'n)a,,, .  .  .  (7). 
From  (7)  we  deduce  at  once 
aj=ma^,     aa  =  m(m- l)ao/2  I,  .  .  . 

a»  =  m(m-l)  .  .  .  (m-n+ l)ao/n!,  .  .  . 

To  determine  Aq  we  may  put  x  =  0.  We  then  get  from  (1), 
^0  =  1*^  =  1  (if  we  suppose,  as  usual,  the  real  positive  value  of 
any  root  involved  to  be  alone  in  question).     We  therefore  have 

(l+x)^==l+^^CnX^  (8). 

The  theorem  is  therefore  established ;  and  we  see  that  the 
hypothesis  under  which  we  started  is  not  contradicted  provided 
modo;  <  1,  this  being  a  sufficient  condition  for  the  convergency  of 

§  3.]  Although  the  assumption  that  (1  +  x)^  can  be  expanded 
in  a  series  of  ascending  powers  of  x  leads  to  no  contradiction  in 
the  process  of  determining  the  coefficients,  so  long  as  mods;  <  1 ; 
this  fact  can  scarcely  be  regarded  as  sufficient  evidence  for  the 
validity  of  a  theorem  so  fundamentally  important  We  proceed, 
therefore,  to  establish  the  following  theorem  in  which  we  start 
from  the  series  in  the  first  instance. 

Whenever  the  series  1  +  It^G^T?*'  is  convergent,  its  sum  is  the  real 
positive  value  of  (1  +  x)"*. 

The  fundamental  idea  of  the  following  demonstration  is  due 
to  Euler ;  *  but  it  involves  important  additions,  due  mainly  to 
Cauchy,  which  were  necessary  to  make  it  accurate  according  to 
the  modem  view  of  the  nature  of  infinite  series. 

Let  us  denote  the  series 

l+mC|aJ  +  ^C^+.    .    .   +n.Cn^+  ...  (1) 

by  the  symbol  /(m). 

So  long  as  -l<a;<+l,  /(m)  is  an  absolutely  convergent 
series,  and  (by  chap,  xxvi.,  §  19)  is  a  continuous  function  both 
of  m  and  of  x, 

*  Nov,  Comm,  Petrop.t  t.  xix.  (1775). 
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Hence,  m^  and  m^  being  any  real  values  of  m^  we  have 
/KyW  =  {1  +  ^mS^n^}  {1  +  2^C«aj«}, 

=  1  +  2{^fin  +  mfi^  fitiCn.  |  +  ^C,  ^,Cn.,  +  .  .  .  +  fnfin^     (2), 

where  the  last  written  series  is  convergent  (by  chap.  xxvL,  §  14), 
since  the  two  series,  1  +  'Smfin^  and  1  +  SlwaCn^,  are  absolutely 
convergent 

Now,  by  chap,  zxiii.,  §  8,  Cor.  5, 

hence  /(^i^W  =  1  +  S^^+^^Cntc^, 

=/(m,  +  m,)  (3). 

In  like  manner,  we  can  show  that 

f{m,  +  m^{w^  =f{m,  +  m,  +  wia). 
Hence  f{m,)f{m;)f{m^)  =  /{m,  +  fw.  +  m,)  ; 

and,  in  general,  i;  being  any  positive  integer, 

f{m,Y{m;)  .  .  .  f(m^)=f{m,+m,+  .  .  .  +m„)     (4). 

This  result  may  be  called  the  Addition   Theorem  for  the 
Binomial  Series, 

If  in  (4)  we  put  7»i=7nj=...=mp=l,  then  we  deduce 

{/(I)  }•=/('')  (8). 

where  v  is  any  positive  integer. 

If  in  (4)  we  put  mi  =  m^=  .  .  .  =m^=p/q,  where  p  and  q 
are  any  positive  integers,  and  also  put  t?  =  ^,  we  deduce 

{f{pls)}^=f{p)  (6). 

Hence,  by  (6),  {/(?/?)}« =  {/(!)}*  (7). 

Again,  if  in  (3)  we  put  j»,  =  m,  m,  =  -  m,we  deduce 

f{m)f{-m)=f{m-m)=m  (8). 

Hence  f(-f^)=f{0)lf{m)  (9). 

These  properties  of  the  series  (1)  hold  so  long  as  ~l<fl;<+l, 
and  they  are  sufficient  to  determine  its  sum  for  aU  real  values 
of  m. 
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For,  since  fii  =  1,  iC«  =  0,  .  .  .,  ,€«=  0,  .  .  .  oC,  =  0,  oC,  =  0, 
•  •  •>  oCn  =  0, .  .  .  wo  have 

/(l)  =  l+a:,    /(0)=1. 

Suppose,  now,  m  to  be  a  positive  integer.     Then,  by  (5), 

{l+x)^=^f{m)^l+rnG,X  +  „fi^+  ,    .    .   +mGm^      (10), 

where  the  series  terminates,  since  mCm+i  =  0,  nfim+a  =  0,  .  .  . , 
when  m  is  a  positive  integer.  This  is  another  demonstration  of 
that  part  of  tihe  theorem  with  which  we  are  already  familiar. 

Next,  let  m  be  any  positive  commensurable  quantity,  say 
p/q,  where  ^  and  q  are  positive  integers.     Then,  by  (7), 

{/(W3)}'  =  (1+^)''  (11)- 

Hence  f{p/q)  is  one  of  the  qth  roots  of  the  positive*  quantity 
{l+x)P.  Bat  f(p/q)  is  necessarily  real;  hence,  if  (l+x)^^^ 
denote,  as  usual,  the  real  positive  ^h  root  of  (1  +  x)Py  we  must 
have 

Mq)^±(l+x)P">  (12). 

The  only  remaining  question  is  the  sign  of  the  right-hand  side 
of  (12). 

Since  f{p/q)  is  a  continuous  function  both  of  p/q  and  of  Xy  its 
equivalent  ±{l  +  x)Pf9  must  be  a  continuous  function  both  of 
p/q  and  of  x.  Now  (1  +x)p^^  does  not  vanish  (or  become  in- 
finite) for  any  values  of  p/q  or  of  x  admissible  under  our  present 
hypothesis ;  and  being  the  equivalent  of  a  continuous  function  it 
cannot  change  sign  without  passing  through  0.  Hence  only  one 
of  the  two  possible  signs  is  admissible ;  and  we  can  settle  which 
by  considering  any  particular  case.  Now,  when  x  =  0,f(p/q)  =  +  1. 
Hence  the  positive  sign  must  be  taken ;  and  we  establish  finally 
that 

f(p/q)=+{l+x)P% 
that  is, 

{l+x)^=l+Ji,X  +  Ji^'+.    .    .+mGnX''  +  .    .    .         (13), 

when  m  is  any  positive  commensurable  quantity. 
*  Positive,  aince  - 1  <se<  1,  by  hypothesis. 
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Finally,  let  m  be  any  negative  commensurable  quantity,  say 
m=  -  m',  where  m'  is  a  real  positive  commensurable  quantity. 
By  (9)  we  have 

/(-m')=/(0)//(m')  =  l//(m'). 
Hence,  by  (13), 

/(-m')=i/(r+3jr, 

=  (l+aj)-'^, 
that  is, 

{l+x)^=l+J3,x  +  Ji^  +  ,  .  .  +  ^0«^«  +  .  .  .       (14), 

where  m  is  any  commensurable  negative  quantity. 

The  results  of  (10),  (13),  and  (14)  establish  the  Binomial 
Theorem  for  aU  values  of  x  such  that  -l<fl;<+l.  It  remains 
to  consider  the  extreme  cases. 

When  a;  =  +  1,  the  series  (1)  reduces  to 

1  +  mCi  +  «»C,  +  .   .    .  +  wCn  +  .    .    . 

This  series  is   semi-convergent  if   -l<m<0,  absolutely  con- 
vergent \im>0.     Hence,  by  Abel's  Theorem,  chap,  xxvi.,  §  20, 
(l  +  l3o)'«=   L    {l+mC,«  +  ^C^'  +  .  .  .+Ji^x^  +  .  .  .}, 

that  is, 

2"*=l+,«0»  +  „,C,  +  .  .  .  +  «0n  +  .  .  .  (15), 

provided  m>  -  1,  with  the  condition  that,  when  -l<m<0, 
the  order  of  the  terms  in  the  series  of  (15)  must  not  be  altered. 
If  0  <  a;  <  1,  we  have,  by  the  general  case  already  established. 

Hence,  since  the  series 

l-mC.+mC.-.    .   .(-)^mC«  +  .   .    . 

is  convergent  if  m>  0,  we  have,  by  Abel's  Theorem, 


(l-l-O)"*^   L   (l-mG,x^Ji^-.  .  .{-)^nfif^  +  -  .  .), 

jc=l-0 

that  is, 

0  =  1-«C,+,„C.-.  .  .(-)««»Cn  +  .  .  .        (16), 

provided  m  be  positive. 

The  results  of  (15)  and  (16)  complete  the  demonstration  of 
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the  Binomial  Theorem  in  all  cases  where  its   validity  is  in 
question. 

Cor.  If  x^tfy  it  follows  from  the  above  result  that  we  can 
always  expand  {x  +  y)^  in  an  absolutely  convergent  series.  We 
have  in  fact,  if  a;>y,  that  is,  y/x<l, 

{x  +  y)^  =  a;"*(  1  +  y/a;)"*, 
=  aJ«*{l+^C,(y/x)  +  «,C.(y/a:)'  +  .  .  .  +  „,Cn(y/x)«  +  .  .  .}, 
=  a^  +  ^C,«^-V  +  mO^-V  +  .  .  .  +t«C«;i^-^3r  +  .  .  .     (17); 
and  if  a;  <  y,  that  is,  x/y  <  1, 

{x  +  y)"*  =  3/^(1  +  aj/y)"*, 
=  r{l+mC.(x/y)  +  ^C,(a:/y)'  +  .  .  .  +  ^Cn(aj/#  + .  .  .}, 
=  tr  +  mG^'^x  +  „»C^"*- V  + .  .  .  +  t„C„y'»- V  + .  .  .     (18). 

If  w  be  a  positive  integer,  both  the  formula  (17)  and  (18)  will 
be  admissible  because  both  series  terminate.  But,  if  m  be  not  a 
positive  integer,  only  one  of  the  two  series  will  be  convergent 

§  4.]  The  general  formulae  of  last  paragraph  contain  a  vast 
number  of  particular  cases.  To  help  the  student  to  detect  these 
particular  cases  under  the  various  disguises  which  they  assume, 
we  proceed  to  draw  his  attention  to  several  of  the  more  com- 
monly occurring.  The  difficulties  of  identification  are  in  reality 
in  most  cases  much  smaller  than  they  at  first  sight  appear.  We 
assume  in  all  cases  that  the  values  of  the  variables  are  such  that 
the  series  are  convei^ent 

Example  1. 

(l+aj)-i=l-a;+aj"- .  .  .+(-)"sc»+.  .  .; 
(l-a;)-i=l+a;+a?+  .  .  .  +af»+  .  .  . 
For  (1  +  x)-^  =  1  +  2  _iC„af  ; 

and  -iCn=-l(-l-l)(-l-2).  .  .  (-l-n  +  l)/n!, 

=  (-)*1.2.8.  .  .  7i/n!, 
=  (-)-!. 
(l-«)-i  =  l+S_aCn(-«)«; 
and  _iC„(  -a;)"=(  - )»{ -  )*W=(  -  f'^ 

Example  2. 

(l+ar)-«=l-2aj  +  3a:>-.  .  .  +  (-)»(n  +  l>B"  +  .  .  .; 
(l-aj)-*=l  +  2a:  +  8ar»  +  .  .  .+(n+l)a?»  +  .  .  . 
For  .2Ch=-2(-2-1).  .  .  (-2-n  +  l)/n  !, 

=  (-)-(n+l). 
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Example  8. 

(1 +«)-»=  l-8aj+6ai8-.  .  .+(_)».J{n  +  l)(n+2)af»+.  .  .; 
(l-a;)-9=l  +  8aj+6a?»+.  .  .+i(»+l)(»  +  2)af»+ .  .  . 

Example  4. 

(l-«)»=l-Jai-i>?-Aa?-.  .  . 2.4.6.  .  .  in    '^^  '  '  ' 

Example  5. 

(l+*)-»=l-ia:  +  Ji'-A9»+.  .  .+(-)-1:|i|^l(2^^+.  .  .; 

Example  6. 

©'*■■■■ 

-1  .w^.w(w-2)^^  m(m-2)(m-4). .  .(7yi-2n+2) 

-^■*"2*"*"     2.4     ^  +  "-+'  2.4.6.  .  .2;^^  ar+. . . 

Example  7. 

^         '  q,2q.^  .  .  .  nq  * 

(1  - aj^-i'/ff = 1  +  S y(y+g)(y  +  ^)-  '  -(P  +  ^g-gy 
^         '  q.2q.^  .  ,   ,  nq 

Example  8. 

nl 

It  will  be  observed  that  the  coefficient  of  af*  in  this  last  expansion,  when 
m  is  integral,  is  (see  chap,  xxiv.,  §  10)  the  number  (mHn)  of  n-combinations 
of  m  things  when  repetition  is  allowed.  It  is  therefore  usual  to  denote  this 
coefficient  by  the  symbol  mHn,  m  being  now  unrestricted  in  value.  We 
shall  return  to  this  function  later  on. 

Example  9. 
i{(l+a;)--(l-a;)-}=«Cia:+«C*aB»+.  .  . +nfi^-ix^'^+ .  .  . 

Ultimate  Sign  of  Oie  Terms, — ^Infinite  Binomial  Series  belong 
to  one  or  other  of  two  classes  as  regards  the  ultimate  sign  of 
the  terms — 1st,  those  in  which  the  signs  of  the  terms  are  ulti- 
mately alternately  positive  and  negative;  2nd,  those  in  which 
all  the  terms  are  ultimately  of  the  same  sign. 


Digitized  by 


Google 


170  INTEGRO-BINOMIAL  SERIES  chaf. 

If  X  and  m  denote  positire  quantities  (m  of  course  not  a  positive  integer), 

1st.  The  expansions  of  (1  +  xf*  and  (1  +x)'^  both  belong  to  the  first  class. 
In  (l+o;)"*  the  first  negative  term  will  be  that  containing  a^^,  where  n  is 
the  least  integer  which  exceeds  m.  In  (1  +  «)-*•  the  first  negative  term  is  of 
coarse  the  second. 

2nd.  The  expansions  of  (l-a)*»,  (1 -«)-"•,  both  belong  to  the  second 
class.  In  (1  -xy^  the  terms  will  have  the  same  sign  on  and  after  the  term 
in  af*,  n  being  the  least  integer  which  exceeds  m,  and  this  sign  will  be  +  or 
-  according  as  n  is  even  or  odd.  In  (1  -  x)"^  all  the  terms  are  positive  after 
the  first. 

§  5.]  A  great  variety  of  series  suitable  for  various  purposes 
can  be  readily  deduced  from  the  Binomial  Series ;  and,  conversely, 
many  series  can  be  summed  by  identifying  them  with  particular 
cases  of  the  Binomial  Series  itself,  or  with  some  series  deducible 
from  it. 

The  following  cases  deserve  special  attention,  because  they 
include  so  many  of  the  series  usually  treated  in  elementary  text- 
books as  particular  cases,  and  because  the  methods  by  which  the 
summation  is  effected  are  typical 

Consider  the  series  2</v(n)TOCna^,  where  ^n)  is  any  integral 
function  of  n  of  the  rth  degree.  Such  a  series  stands  in  the 
same  relation  to  the  simple  Binomial  Series  as  does  the  Integro- 
Geometric  to  the  simple  Geometric  Series.  We  may  therefore 
speak  of  it  as  an  iTUegro-Binamiai  Series, 

We  may  always,  by  the  process  of  chap,  v.,  §  22,  establish 
an  identity  of  the  following  kind, 

</v(7i)  =  A«  +  Ajn  +  A^{n  -  1)  +  . . .  +  Arn{n  -  1). .  .(n  -  r  +  1)   (1), 

where  Aq,  Ai,  A^,  .  .  .,  A^  are  constants,  that  is,  are  independent 
of  n. 

We  can  therefore  write  the  general  term  of  the  Integro- 
Binomial  Series  in  the  following  form  : — 

<M^)mCna^  =  Ao„»Cna;~  +  A.rimCnX''  + .  .  .  +  Arn(n -I)  ... 

+  m{m  -  l)Agx\^sGn-aX^'^  + .  .  .  +  m{m  -  1) .  .  . 
(m-r+l)A,aj'-„,.,C„.,ic'»-'-     (2). 
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Hence,  if  the  summation  proceed  from  0  to  qo  ,  we  evidently 
have 

0  0  1 

+  m(m  -  1) .  .  .  (m  -  r  +  l)ArX^^.rGn-r^^''  (3), 

r 

+  m{m  -  1) .  .  .  (m  -  r  +  l)A^af(l  +  xy*'^. 

Since  all  the  Binomial  Series  are  evidently  complete.*    Hence 

2</»r(^)mCna^  =  { Ac  +  mA,x/{l  +x)  +  fn{m  -  l)A^3?/{l  +xf+.  .  . 

+  m(m-l)  .  .  .  {m-r+l)Afafl{l+xy}{l+x)'^       (4); 

and  the  summation  to  infinity  of  the  Integro-Binomial  Series  is 
eflTected-t 

The  formula  will  still  apply  when  m  is  a  positive  integer, 
although  in  that  case  the  series  on  the  left  of  (4)  has  not  an 
infinite  number  of  terms.  The  only  peculiarity  is  that  a  number 
of  the  terms  within  the  crooked  bracket  on  the  right-hand  side 
of  (4)  may  become  zero. 

oo 

Cor.  We  can  in  general  sum  the  series  ^^n)nJ0f^7?^l{n  '\-a){n  +  b) 
.  .  .  (n  +  k),  where  a,  6,  .  .  .,  i  are  unequal  positive  integers^  in 
ascending  order  of  magnitude. 

For  by  introducing  the  factors  w  +  1,  n  +  2,  .  .  .,  n  +  a  -  1, 
n  +  a-^  1,  w  +  a  +  2,  .  .  .,  n  +  6  -  1,  &c.,  we  can  reduce  the  general 
term  to  the  form 

^«)m+»Cn+taj»+*/(^  +  l)(m  +  2)  .  .  .  (m  +  ^>c*       (6) ; 

where  \^n)  is  an  integral  function  of  n,  namely,  <^(n)  multiplied 
by  all  the  factors  introduced. 

*  If  the  lower  limit  of  summation  be  not  0,  then  the  Binomial  Series  on 
the  right-hand  side  of  (3)  will  not  all  be  complete,  and  the  sum  will  not  be 
quite  so  simple  as  in  (4). 

t  It  may  be  remarked  that  the  series  is  evidently  convergent  when  sb<  1. 
The  examination  of  the  convergence  when  x=\  will  form  a  good  exercise  on 
chap.  xxvi. 
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Hence 

2<^n),„C„{c»/(n  +  a){n  +  b).  ,  .(n  +  k) 

=  m^U+kCn+k^+^}Km  +  l)(m  +  2) .  .  .  (m  +  ^>i*    (6). 

The  summation  of  the  series  inside  the  crooked  bracket  may 
be  effected;  for  it  is  an  Integro-Binomial  Series.  Hence  the 
summation  originally  proposed  is  always  possible. 

We  have  not  indicated  the  lower  limit  of  the  summation,  and 
it  is  immaterial  what  it  is.  Even  if  the  lower  limit  of  summa- 
tion be  0,  the  Binomial  Series  into  which  the  right-hand  side  of 
(6)  is  decomposed  will  not  all  be  complete  (see  Example  6, 
below). 

It  should  also  be  noticed  that  this  method  will  not  apply  if 
m  be  such  that  any  of  the  factors  m  +  1,  m  +  2,  .  .  .,  m  +  iC; 
vanish.  In  such  cases  the  right-hand  side  of  (6)  would  become 
indeterminate,  and  the  evaluation  of  its  limit  would  be  trouble- 
some.   - 

The  above  method  can  be  varied  in  several  ways,  which 
need  not  be  specified  in  detail.  It  is  sufficient  to  add  that  by 
virtue  of  Abel's  Theorem  (chap.  xzvL,  §  20)  all  the  above  summa- 
tions hold  when  x=  ±1^  provided  the  series  involved  remain 
convergent. 

Example  1.  To  expand  (aj+y)"»  in  a  highly  convergent  series  when  as  and 
y  are  nearly  equal.    From  the  obyions  identities 

{{x+y)l2x}^=  {2xl{x+y)}'^=  {l+ix-yyix+y)}-^, 

{(«+y)/2y}'*={2y/(«+y)}"~={i-(«-y)/(a5+y)}-^, 

(x+yr{ll(2x)^±V{2y)-^}  =  {l  +  {x-y)l{x+y)}-^±{l-{x-y)l{x+y)}'^, 
we  dednce  at  once 

where    »H„=m(m  +  l).  .  .(m+«-l)/w!, 

2"H-ia*'«ym  (       m(m+l)/x-yy    m(m+l)(m+2)(m+8)  fx-y\^ 
"  a-»+ir    I  2  1      \x+y)  "**  41  \x+y) 


^^sf^fmfx-y\    m(m  +  l){m+2)/x-y\*  ^  \ 

-  afi-ym  \i\\x+yj  8!  \x+yj      '        f 

All  these  series  are  highly  convergent,  since  (x-y)l{x+y)  is  small. 


}. 
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Example  2.  To  sum  the  series 

2     2  /2y     2.5/2y    2.5.8/2y 
9^2l\9j  "^3!  VV         4!    \9j  '  '  ' 
If  we  denote  this  series  by  Ui+U2-¥ut+  .  .  .,  we  see  that 
2.5.  .  .  {2  +  (n-2)3}  2» 
^-  ^!  8*^ 

_k'U'  '  .(-i+ri-l)/2\n 

^     (-i)(-i  +  l)(-i+2).  •  .(-i  +  n-l)/2y 
"  ^!  \3/  ' 

^     (    ),i(i-l)(i-2).  .  .(i-n  +  l)/2\n 

Hence 

l-(«i+«2+tt8+.  .  .)=(1-!)'^, 
=l/-y3. 
Therefore,  Wi  +  tta+t<«+ .  .  .  =1-1/ -^8. 

Example  8.  To  smn  the  series 

_  .  m(m-l)  .  m(m-l)(m-2)  . 

m+ ;^ + j-g +  .   .  ., 

whenever  it  is  conyergent. 
Here  we  have 

wi(m-l)(m-2) .  .  .  (m-n) 
«^i= -^ , 

_m(m-l)(m-l-l) .  .  .  (m-l-n+1 
SI  ' 

Hence 

«1  +  M2  +  W,+  .  .  .  =m{l+,»-iCi  +  «-iC2+ .  .  .} 
=m{l  +  l}"»-^=m2**-^ 
provided  m- 1  >  - 1,  that  is  m>0. 

It  should  be  observed  that  we  have  at  once  from  §  2  (5)  the  equation 

m(l+aj)«-i=l«Ci+2^C8aj+.  .  .+««C„af^i+.  .  .  (1), 

from  which  the  above  result  follows  by  putting  x=l. 

By  repeating  the  process  of  §  2,  we  should  deduce  the  equation 

TO(m-l). .  .(m-*+l)(l+a;)"^*=1.2. .  .A:«C*+2.3. .  .(k+l)JOjt^.iX+.  .  . 

+  {n-k+l)(n-k+2)...  .  ««Cna^-*+ ,  .  .     (2), 
whence  it  follows  that 

m(m-l). . .  (m-it+l)2»-*=1.2. . .  it«C*  +  2.3. . .  (Ar+l)«C;H-i+-  •  •  W, 
provided  m>A;.      These  results  might  also  be  easily  established  by  the 
method  first  used. 

Example  4.  To  sum  the  series 

1  mCia?  mCag» 


1.2 ..  .  A;^2.3 .  .  .  (A:  +  l)    3.4  .  .  .  {k  +  2) 


+  . 
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Hero  we  haye 

^+^^(»+l)(7i-r2).  .  .  (n+ky 


i{l+i+*Cia5+«^C^ 


Hence 

(1+a;)*"^^  1 

(m+l)(m+2)..  .(m+A;)aj*    (w+l)(m+2).  .  .  (m+Ar>B*^ 

+  .  .  .  +«H*C*-iaj»-i}  +  {t4i  +  Ma+i«j+.  .  .}. 

Theroforo 

«!+„,+«,+.  .  _ (m+l)(m+2).  .  .(m+ife^c*  ^*^- 

If  m>  -A;- 1,  this  gives  as  a  particular  case 
Z^Cnl{n+l){n+2) .  .  .  (n+Ar)  = 

{2«+*-l-'^s"V»C.}/(m+l)(»i+2).  .  .  {7n+k)    (6). 

The  formuliB  (1),  (2),  (3),  (4),  and  (5)  contain  of  coarse  a  considerable 
variety  of  particular  cases. 

Example  5.  Evaluate  Zm'^Cn^. 

0 
Let  »• = Ao + AiTi + A j»(»  - 1 )  +  Asn(n  - 1 )  (»  -  2),  then  we  have  the  follow- 
ing calculation  to  determine  Ao,  Ai,  As,  A3  (see  chap,  v.,  §  22). 


1 

1  +0  +0I  +  0 
0  +1  +1 

Ao=0, 

2 

1  +1I  +  1 
0  +2 

l|  +  3 

Ai=l, 
A,=8,  A3=l 

Hence 

001^  2 

+«i(m  -  l)(m  -  2>B»2^-3Cn-Baf-», 

8 

=»«<1  ^-aj'^-^  8m(w!  -  l)a?(l +«)»»-*+ w(m  - 1)  (m  -  2)»»(1  +«)"»-*, 
=  {mV+m(8m-l)a?+wwj}(l +«)«-'. 

Example  6.  Evaluate  %fit^l(n + 2)  (n  +  4). 
0 
^C^      _     (n+l)(7i  +  8)^C,H^af'+^ 
(n+2)(«+4)    a^m+l)(m+2)(m  +  3)(»i  +  4")* 
(«+l)(n  +  3)=n'  +  47H-8, 

=Ao+Ai(»+4)+As(n  +  4)(w+3). 
1  +4  +3 
0  -4  +0 


1  +01  +  3  Ao=3, 

0  -8 


-8  Ai=-8,  Aj=l. 
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We  therefore  have 

0{n+2)[n+ir  a?^m+l)(m+2)(m+8)(m+4)  {8S^C«+,aJ-H-3(m+4>» 

S,,^C,^^flaJ»^^+ (m + 4)(m + 8)aj^S«4^C,^f*B^ 
0  0 

-«H4C«aB»} -3(m+4)a;{(l+aj)»»+»- 1 -,M^Ciaj-,.H«CJaaj«} 
+  (m+4)(m  +  3>B»{(l+«)"^-l-«+Aaj}], 

+  {i(m+3)(m+4)a>-8}]. 


EXSROISES  IX. 

Expand  each  of  the  following  in  ascending  powers  of  a;  to  5  terms ;  and  in 
each  case  write  down  and  simplify  the  coefficient  of  of. 

(1.)  (l+aj)i.  (2.)  (1-ar)-*.  (3.)  {l-x)'K 

(4.)  (2-ia;)».  (5.)  {a+Zx)K  (6.)  ^(a»-«»). 

(7.)  yd -fwj).  (8.)  1/(1  - 3aj»)l.  (9.)  (x-  1/x)-. 

(10.)  Write  down  the  first  four  terms  in  the  expansion  of  {(a+x)l{a-x)}^ 
in  ascending  powers  of  x. 

Determine  the  numerically  greatest  term  in 

(11.)  (3 +a;)i,  x<3.         (12.)  (2 - 8/2)"^.  (la )  (1  -  6/7)-^^ 

(14.)  Find  the  greatest  term  in  (l+aj)"*»,  when  aj=|,  »=4. 
(15.)  If  n  be  a  positive  integer,  find  the  greatest  term  in  (n  -  l/w)*»+i. 
(16.)  The  sum  of  the  middle  terms  of  (1  +as)**  for  all  eyen  values  of  m 
(including  0)  is  (1  -  4a:)  ~*. 

ar.,--...(,-!)."-^'(.-l)V... 

(18.)  Show  that,  if  m  exceed  a  certain  value,  then 
(m+l)m    (m+l)m(m--l)(m-2) 
^-1+      2!       "^  41  "*"••• 

(19.)  Sum  the  series 

,-(,+ft)^+(,+2ft)?<|jLL)-(a+86)'^*"-g^]'"~''^.  .  ., 
for  such  values  of  m  as  render  the  series  convergent. 
(20.)  V27=2  +  A  +  |^,+  .   .   . 

^      '  24    8^      2»8I    2*4!"*"  2"6!       '   '    ' 
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(22.)  Sum  to  infinity 

I  +  M+J.I1L+.   .   . 
6    6.12    6.12.18 

(28. )  Sum  the  aeries 

«./«^    ..  .  m(m-l)(7H-2)              .  m(m-l)  .  .  .  (m-r+l) 
m{m'l)+     ^- +.  .  .+- "(r^2)l "^  *  '  '' 

for  such  values  of  m  as  render  the  series  conyergent 

(24.)  If  n  he  even,  show  that 

»(n  +  2)  .  .  .  (2n-2)A.3  -  •  •  (»-l)=2«-i. 

(25.)  In  the  expansion  of  (1  -  x)-^  no  coefficient  can  he  equal  to  the  next 
following  unless  all  the  coefficients  are  equal. 

(26.)  Prove  by  induction  that 

1 m{m+l)  .  .m(m  +  l)  .  .  .  (m+r-l)_(m-f-r)! 

l  +  ^+-__+  .  .  .   + _ -U^iTT' 

where  r  is  a  positive  integer.     Hence  show  that,  if  a;  <  1, 

^        '  (m-l)lr! 

(27.)  The  sum  of  the  first  r  coefficients  in  1/  ^{l-x) :  the  coefficient  of 
therth  term=l+n(r-l) :  1. 

(28.)  If  F(a)=l+f^+?<|±-*-);^+?(^tM^)^+.   .   .,  the  «rie8 

being  absolutely  convergent,  then 

F(a)F(6)=r(a  +  6). 
What  is  the  condition  for  the  convergency  of  the  series  1 
(29.)  Show  that 

y-nCiJ+^cJ-.  .  ,  =[l-  {{n+l)x+l]{l-x)^'V{n+l){n  +  2), 

Sum  the  following  series,  so  far  as  they  are  convergent : — 
(30.)  2(n-l)>m(m-l)  .  .  .  (m-«+l>e»/n!,  from  «=1  to  n=oo. 
(81.)  2(-)*-H«+l)(»+2)1.3.5  .  .  .  (2n-6>B»/nI,  fromn=Oton=oo. 
(82.)  Sm(»i  +  1)  .  .  .  (m+n-l)af»/(7i  +  8)7i!,  from  »=0  to  71=00. 
(88.)  2;(«-l)n.4.7  .  .  .  (8n-2)/(n+2)(n  +  8)n!,  from»=l  ton=oo. 

(34.)  Why  does  the  method  of  summation  given  in  §  5  not  apply  to 
ljB»/(n+l)? 


SERIES  DEDUCED  BY  EXPANSION  OF  RATIONAL  FUNCTIONS  OF  X, 

§  6.]  Since  every  rational  function  of  x  can  be  expressed  in 
the  form  I  +  F,  where  I  is  an  integral  function  of  x,  and  F  a 
proper  rational  fraction,  and  since  F  can,  by  chap,  viii.,  §  7,  be 
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expressed  in  the  form  2A{x  -  a)"**,  where  A  is  constant,  it  follows 
that  for  certain  values  of  x  a  rational  function  of  x  can  be  ex- 
panded in  a  series  of  ascending  powers  of  x^  and  for  certain 
other  values  of  x  in  a  series  of  descending  powers  oi  x.*  We 
shall  have  occasion  to  dwell  more  on  the  general  consequences  of 
this  result  in  a  later  chapter,  where  we  deal  with  the  theory  of 
Recurring  Series.  There  are,  however,  certain  particular  cases 
which  may  with  advantage  be  studied  here. 

§  7.]  Series  for  expressing  a^  +  ji^  and  (a'*+^  -  i8*»+^)/(a  -  j8)  in 
terms  of  a^  and  a  +  j3,  n  being  a  positive  integer. 

If  we  denote  the  elementary  symmetric  functions  a  +  j3  and 
aj8  by^  and  q  respectively,  it  follows  from  chap,  xviii.,  §  2,  that 
we  can  express  the  symmetric  functions  a**  +  j8**,  (a**+^  -  P^'^^)l 
(a  -  j3)  as  follows : — 

a**  +  ^  =  a^p^  +  a^p^'^q  +  .  .  .  +  OrP^'^q^  +  .  .  .  (1), 
(a»+l  -  )8«+l)/(a  -  j8)  =  hop^  +  h^^'-^q  +  ....+  IrP^^^q''  +  . .  .  (2), 
where  both  series  terminate. 

By  the  methods  of  chap,  viii.,  §  8,  or  by  direct  verification 
we  can  establish  the  identity 

2-px     ^     2-{a^P)x    ^11 
l-px  +  qx^     {I  "  ax){\  -  ^x)     \-aZ      \-^X        ^^' 

Now  if  X  be  (as  it  obviously  always  may  be)  taken  so  small 
that px-^<\y  we  have  by  the  Binomial  Theorem 

+  (px'-g7^y  +  .  .  .  +  (px-qa^^  +  ,  .  .  }  (4). 

Now  (by  chap,  xxvi.,  §  34)  if  a?  be  taken  between  -  a  and  +  a, 
a  being  such  that  the  numerical  value  of  ±pa±qa<ly  that 
arrangement  of  signs  being  taken  which  makes  ±pa±qa  greatest, 
then  each  of  the  terms  on  the  right-hand  side  may  be  expanded 
in  powers  of  x  and  the  whole  rearranged  as  a  convergent  series 
proceeding  by  ascending  powers  of  x. 

*  Strictly  speaking,  this  is  as  yet  established  only  for  cases  where  a  is 
real.  The  cases  where  a  is  imaginary  will,  however,  be  covered  by  the  ex- 
tension of  the  Binomial  Theorem  given  in  chap.  xxix. 
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We  thus  find  that 

+  (-)'n-Ai>»-V+--M  (5), 

=  2{l+2&c.}-jw;{l+2&c.}  (6). 

The  coefficient  of  x"  on  the  right-hand  side  of  (6)  is 
2{p»-«-.C.i>»-2j  +  „..C^-Y+  .  .  .  +(-)'•„. Ai^'-V 
+  .  .  .  }-i»{p»-i-„..C,i>''-»j  +  „.,C^»-V  +  .  .  . 
+  (-)V,-iC,j»»-*-V+.  .  .}. 
Now 
2„_,C,-„.,_,C,  =  w(n-r-l)(«-r-2)  .  .  .  (n-2r+l)/r!. 
Hence 

Again 

+  - — ^-  =  {1  +  aa:  +  aV  +  .   .   .  +  (J^x^  +  .   .   . }  +  { 1  4  /3a: 


+  j8V+  .  .  .  +)8«a;"+  .  .  . }, 
=  2  +  2(a»  +  )8«)x'»  (8). 

All  the  series  involved  in  (8)  will  be  absolutely  convergent, 
provided  x  be  taken  so  small  that  mod  ax  and  mod  ^x  are  each 
<  1.  Now,  by  (3),  the  series  in  (7)  and  (8)  must  be  identical 
Hence,  comparing  the  coefficients  of  aJ^,  we  must  have  (by  chap, 
xxvi.,  §  21) 

1!  2 1 

^  ^     ^^njn  - r -  !)(« - r-  2)  .  ■  ■  (n -  2r  +  1)^,.^^,  ^ 

(9), 
As  we  have  indicated  (by  using  = ),  the  equation  (9)  is  an 
algebraical  identity,  on  the  understanding  thatj?  stands  for  a  +  )8 
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and  q  for  afi.     The  last  term  will  or  will  not  contain  p  according 
as  n  is  odd  or  even. 

In  like  manner,  from  the  identity 

X _.  a;  ^  (_l 1      I     1 

1  -pK  +  qx*"  I  -{a  +  l3)x  +  aP:x?~  {l-az      l-^x)  a-  ft 
we  deduce 

(a»+l  -  )8»+l)/(a  -  )8)  =!>»  -  !^ /»»-^  +  ^-^^i*^::!) j,»-22- . . . 
^(-l)r(«-'-)("->-l)--(^-2'-^V^g.^...     (10), 

subject  to  the  same  remarks  as  (9). 

If  we  write  the  series  (9)  in  the  reverse  order,  and  observe 
that,  when  n  is  even,  =  2m  say,  only  even  powers  of  jp  occur,  and 
that  the  term  which  contains  jp^  is 
/ _ \m^B 2m(m^8-\){m  +  s-2)  .  .  .  (2^+1) 
^     ^  (m-«)!  ^^     ' 

that  is, 
/     xm-t^^^"^^"  l)(m  +  s-  2).  ..(m+  l)7»{m-  1).  ..(wi-5+  1) 

that  is, 

( -  r-2  —5^ (2^)! ^jp^r  ■', 

then  we  have 

^(-y'"'<"'-"'p,i,<--"^''i^--...}  (n 

Similarly,  we  have 

„2«+l  +  ^+1  =  (  _  )m(2OT  +  1)  I  JH?'»  -  (»'  +  l>»^gm-l 

5  ! 

+  (  -  y  '' ^(2,-1)!      ^i^-ir-+^ . . .  } 

(9"). 
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.(-)-"<°"-7,;:y-"^V-r-....}  <io'). 


a-^ 


^4^.2_  .  .  .    ^^     ^,(m  +  .)m(m^-lV  .  .  (m^-s-l^) 


f»f 


.....} 


(10"). 


Since  a  and  )8  are  the  roots  of  the  quadratic  function 
^~pz  +  q,  we  may  replace  a  and  )8  in  the  above  identities  by 
l{p+  i/(p*  -  4?) },  and  ^{p-  \/(|>*  -  4^) }  respectively.  If 
this  be  done,  and  we  at  the  same  time  put  p  =  x  and  -  iq  =  t^, 
we  deduce  the  following : — 

^  «(n  -  r  -  l)(n  -  r  -J). . .(«  -  2r  +  1)^^^^  ^      } 


if  71  be  even ; 

n(7i^  ^l«)(n^- 3^)...  (n^- 27^^12) 


1(9'"). 


X^+lyn 


-2«-l 


+   .  . 


,  if  n  be  odd. 
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{X  +  V(a;2  +  y2)}n  _  laj  _   ^(a^  +  y2)}n 

^-y^  .  .  .  ^(n-r-l)(n-r-2)...in-2r) 

jj»-Jr-yr+  ...  I 


3! 


arV*+  •  • 


n{«2-2»)_.  .  ■  (>t«-2.-2^  )  , 

"^  (2s- 1)!  ""      ^      +.../ 

if  »  be  even ; 

s  2  s/(a!*  +  f)  |jri  +  ^    2  !     '"'V^  +  4! " 

sry-*  +  .  .  .  + 


►  (10'"). 


(w»- !»)(««- 3^)  .  .  .  («»-2s-l«) 


a^y»- 


a»-i. 


1   ; 


(2s)! 


/ 


,  if  n  be  odd. 


These  series  are  important  in  connection  with  the  theory  of 
the  circular  and  hjrperbolic  functions. 

§  8.]  A  slight  extension  of  the  method  of  last  paragraph 
enables  us  to  find  expressions  for  the  sum  and  for  the  number  of 
r-ary  products  of  n  letters  (repetition  of  each  letter  being  allowed). 
The  inverse  method  of  partial  fractions  gives  us  the  identity 
l/(l-a.aj)(l-a^)   .   .   .   (l-a^a;)^2A/l-a^)-l  (1), 
where  A,  =  a,**" V(a,  -  a^)  (a,  -  a.)   .    .    .    (a^-On). 

Also,  since  (1  -  a^)'^  =  1  +  2a/af,  we  have  (by  chap,  xxvi., 
§  14),  provided  x  be  taken  small  enough  to  secure  the  absolute 
convergency  of  all  the  series  involved, 

l/(l-a,a;)(l-a^)  .   .   .   (1-a^a:) 

=  (1  +  2a/ar)  (1  +  lAi/af)  .  .   .  (1  +  2anV)       (2), 
=  1+2;K^  (3), 

where  nK^  is  obviously  the  sum  of  all  the  r-ary  products  of 
a„  a,,  .  .  .  <%.  Since  the  coefficients  of  af  on  the  right-hand 
sides  of  (1)  and  (3)  must  be  equal,  we  have 

„K^  =  2a.«+'-V(a*-a,)(a.-a.)   •   •    •   (a^-On)         (4). 
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If,  for  example,  there  be  three  letters,  aj,  a,,  og,  we  have 


If  we  put  ai  =3  a,  =  .  .  .  =  o,^  =  1,  then  each  of  the  terms  in 
nKr  reduces  to  1,  and  nK,  becomes  ^ELr.     Hence,  from  (3), 

(l-x)-«=l+2„H^  (6). 

Equating  coefficients  of  af  on  both  sides  of  (6),  we  have 
nRr^n{n+l)  .  .  .  (n  +  r-l)/r!, 

a  result  already  found  by  another  method  in  chap,  zxiii.,  §  10. 

§  9.]  Some  interesting  results  can  be  obtained  by  expanding 
l/(y  +  «)(y  +  a5+ 1)  .  .  .  (y  +  a;  +  n)  in  descending,  and  in  ascend- 
ing powers  of  y. 

If  we  write 

r-n 

l/(y  +  a;)(y  +  a;+l)  .  .  .  (y  +  x  +  n)=  2A^y  +  a;  +  r)-S 

r=0 

then  we  find,  by  the  method  of  chap,  viii.,  §  6,  that 

l=A^-r)(-r+l)  .  .  .  (-1)1.2  .  .  .  (n-r). 
Hence       A^  =  ( -  )''nCr/n  ! . 
Therefore 
n\/{y  +  x)(y  +  x+l),..{y-^x  +  n)  =  2{--)\G^y  +  x  +  ry^     (1). 

Hence,  if  P„  P,,  P„  .  .  .  denote  respectively  the  sum  of 
Xy  x+ly  .  .  .,  x  +  n,  and  of  their  products  taken  2,  3,  ...  at  a 
time  (without  repetition),  we  have 

"J{..|.j-....}-'=.(-,.c,(,.';-0-, 

^{-(H- ■^(^^•■•)■-■■■} 

=2(-)'„a{i  +  2(-)'(^+ry|  (2), 
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where  we  suppose  y  to  have  a  value  so  large  that  all  the  series 
involved  are  convergent. 

Since  there  is  no  power  of  l/y  less  than  the  nth  on  the  left 
of  (2),  the  coefficient  of  any  such  power  on  the  right  must 
vanish.     Therefore 

(a;  +  n)«-nC»(a;  +  n-l)'  +  nC«(a;  +  n-2)«-...(-)«a:»  =  0   (3), 
where  8  is  any  positive  integer  <n. 

Equating  coefficients  of  l/y'*,  1/^+S  and  1/^+^  we  find 
(a;  +  n)«-nC|(«  +  n-l)»  +  «C.(a;  +  n-2)«-.  .  . 

(aj  +  n)«+i-nC»(a;  +  n-l)«+i  +  »C^a;  +  7i-2)«+i-.  .  . 

=  (n+l)!(a;  +  |n)  (5); 

{x  +  n)«+2  -  ^C,{x  +  n  -  l)«+2  +  ^C^{x  +  ti  -  2)«+2  _ .  .  . 
(-)«aJ»+2  =  n!(P,*-P,), 

=  J(n  +  2)!  {«"  +  wa;  +  ^\n{3n  +  1)}  (6); 

and  so  on. 


Again  from  (1)  we  have 

-7 — ,,  ""•    , -Ji+Qiy  +  Qy  +  .  .  .}-' 

=T(-)'--'^jl  +  -^  j"'  (7), 

where  Qi,  Qa,  Q»  •  •  •  are  respectively  the  sum  of  l/a,  !/(«+  1), 

.  .  .,  l/{x  +  n)y  and  the  sums  of  their  products  taken  2,  3,  .  .  . 

at  a  time.     From  (7),  by  expanding  and  equating  coefficients  of 

y,  we  get 

n\  (  1     _1_  ^  ^  _1_   ) 

x(x+l)  ,  .  .  {x  +  n)\x     x+l     '  '  '      {x  +  n)) 

■"jc'     (x+l)-'^(x  +  2)'     •••^     Ux  +  ny  ^  ^* 

If  we  put  «=  1,  we  get  the  following  curious  relation  between 
the  sum  of  the  reciprocals  of  1,  2,  .  .  .,  n  +  1,  and  the  reciprocals 
of  their  squares : — 
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jITTll     2  "^  ••»+!)  ~1'      2'       3'     ••• 

§  10.]  We  have  now  exemplified  most  of  the  elementary 
processes  used  in  the  transformation  of  Binomial  Series.  The 
following  additional  examples  may  be  useful  in  helping  the 
student  to  thread  the  intricacies  of  this  favourite  field  of  exercise 
for  the  tyro  in  Mathematica 

Example  1.  Find  the  coeflficient  of  a"  in  the  expansion  of  (l-x^/(l+xf^ 
in  aacending  powers  of  x. 

If  (1 +«)-•/»  =  l+2aHaf,  then  (l-aj)»/(l+aj)*«  =  (l-2aj+a;»)(l  +  Sa^). 
Hence  the  coefficient  required  is  On  -  20^-1  +  On^-i'  If  we  snbstitute  the  actual 
values  of  a^,  0^.1,  an~a»  we  find  that 

a,-2a«-.+a.-,=(-)-(16»''-8»-l)?iLl^-^i2n-8) 

Z.4.0    .    .    .    Z7l 

Example  2.  If  yi[a;)==ao  +  a]Se+a^+.  .  .,  then  the  coefficient  of  af  in 
the  expansion  of /[x)l{l  -  z)^  in  ascending  i)ower8  of  sc  la  oomHr+aimHr-i 
+a3mHr-i+.  .  .  +ar.    This  follows  at  once  from  the  equation 

/(a;)/(l -«)«=(ao+2;a,ar)(l  +  2«H^). 
In  particular,  if  we  putyi[a;)=(l  -jc)-"  and  m=l,  we  deduce  that 

i»fllIr  =  »Hr  +  nHr-i  +  nHr-a  +  .    .    .+1; 

and,  if  we  put/i;aj)s(l  -  x)~^,  we  deduce  that 

fi>fi»H,.  =  mHr  +  mHr-i  nHi  +  ,»H,^i  „Ha  +  .    .    .+i«H„ 

results  which  have  already  appeared,  in  the  particular  case  where  m  and  n  are 
integral  (see  chap,  xxiii.,  §  10). 
Example  8.  Show  that 

«Cn/2  +  ,H-iCn/2«  +  «^2C«/2»+.  .  .  adoo=l  +  «Ci+«Cj+.  .  .+«Cn    (1). 

The  left-hand  side  of  (1)  is  obyiously  the  coefficient  of  se"  in 

X=(H-a;)«/2  +  (l+aj)"»+-V2"+(I+«)*^/2'+.  .  .  adoo. 
Now  X=J(l+aj)«[l+{(l+a;)/2}  +  {(l+aj)/2}2  +  .  .  .  adoo], 

= (1+ a5)'»/2  {1  -  (1  +  x)l2} ,  if  we  suppose  aj  <  1 . 
=(l+a;)-/(l-ar), 

=  l  +  2(l+»Ci+mCj  +  .  .  .+mC„)aJ», 
by  last  example.     Hence  the  theorem  follows. 
Example  4.  Sum  the  series 

„    -     n-8.(n-4)(7i-5)    (n- 6)(n-6)(n-7)  . 
being  a  positive  integer. 
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The  equations  (9'")  of  §  7  being  algebraical  identities,  we  may  substitute 
therein  any  values  of  x  and  y  we  choose,  so  long  as  no  ambiguity  arises  in 
the  determination  of  the  functions  involved.  We  may,  for  example,  put 
«=  - 1  and  y=2t.    We  thus  find 

{zl+V?J}%{^l^-}-^(-)«,i-«S}. 

Hence,  if  w  and  t^  denote,  as  usual,  the  two  imaginary  cube  roots  of  + 1, 
we  have 

S={l  +  (-)— i(<rf" +  «*»)} /n. 

If  we  evaluate  (d"+cii^  for  the  four  cases  where  n  has  the  forms  6m,  6m±l, 
6m±2,  6m +  8  (remembering  that  «*•=!,  «-^=«*,  «-'=«),  we  find  that 
S  has  the  values  -  1/n,  0,  2/n,  and  8/n  respectively. 

Example  5.  Sum  the  series 
a-l  -u  n(n-l)    n(n-l)(n-2)(n-8)    n(n-l)(n-2)(n-3)(ft-4)(n-6) 
°~^2(2r+l)"^    2.4(2r+l)(2r+8)   "*"       2.4.6(2r+l)(2r+8)(2r+6) 

+  .  .  . 
n  being  a  positive  integer. 

If  we  denote  the  series  by  1 +tti  +  Ma+«s+ .  .  ^  then 

„ n(n-l)  .  .  .  (n-28+1) 

•~2.4  .'  .  .  2«(2r+l)(2r+8)  .  .  .  (2r+2*-iy 

n!(2r)!(r+l)(r+2)  .  .  .  {r+a) 
(»-2«)I(2r  +  2s)!4! 

restricting  r  for  the  present  to  be  a  positive  integer.   We  may  therefore  write 

Now  ,4^0,  is  the  coefficient  of  ar''  in  the  expansion  of  a?*'+*(l  +  l/x^)^^;  that 
is,  in  the  expansion  of  a:*»^{V(l  +  l/ar')}^*^-*».  Hence  2w,  is  one  part  of  the 
coefiicient  of  a^**  in  the  expansion  of 

J^,[{1 + W(l  + 1/«')}'^+  {1  -  arVd  +  1/a?)  }•+*]. 
Hence  2S  is  the  whole  coefficient  of  x^^  in  the  expansion  of 

Now,  by  §  7, 
{1  +  V(l +a*)}"^+ U  -  V(l +«*)}"+*■ 

^on^rJ i^T(^+2r)(n+2r-j~l)(«+2r-a-2). . .  (n+2r~28+l)  a^  1 

the  coefficient  of  a^  in  which  is 

(n+2r)(n+r-l)(n+r-2)  .  .  .  (n  +  1) 
rl22'- 
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Hence 

a-9>*^i^U2r)!(n+2r)(n+r-l)! 
(n+2r)ir  In  12^ 
=o«-i    (n+r-l)(n+r-2).  .  .(r+1) 
(»  +  2r-lj(7i  +  2r-2)  .  .  .  (2r  +  l)' 
The  summation  is  thus  effected  for  all  integral  values  of  r.    So  far,  how- 
ever, as  r  is  concerned,  the  formula  arrived  at  might  be  reduced  to  an 
identity  between  two  integral  functions  of  r  of  finite  degree.     Since  we  have 
shown  that  this  identity  holds  for  an  infinite  number  of  particular  values  of 
r,  it  must  (chap,  v.,  §  16)  hold  for  all  values  of  r.     The  summation  is  there- 
fore general  so  far  as  r  is  concerned. 

EZSBOISES  X. 

Find  the  coefficient  of  af  in  the  expansion  of  the  following  in  ascending 
powers  of  z, 

(1.)  xl(X'-a){X'h)(x-c),  (2.)  ar+«/(aj - o) (» - 6) (» - c). 

(3. )  af^^l(x  -  a)  (sB  -  b)  {x  -  c),  where  mis  &  positive  integer  <  r  -  3. 
(4.)  (B-x)l{2-x){l-x)\  (5.)  2x»l(x-in^+iy 

(6.)(l-i«)-(l-gx)-*. 

(7.)  If  (1  -  3aj)"/(l  -  2a;)*  be  expanded  in  ascending  powers  of  sc,  the  co- 
efficient of  aj*+^^^  is  ( -  l)"(r  -  2n)2^^,  n  and  r  being  positive  integers. 

(8.)  Find  the  numerically  greatest  term  in  the  expansion  of{a-x)l{b+x)* 
in  ascending  powers  of  x, 

(9.)  Show  that 
(«+/3) (z-i-2/3).  ..(a-f-n/3) 

{x-pj(x-2p),.,{x-np)  

-i/l^    ,,,.w(nH-r)(na-l«)(n«-2«)...(n*-r-l«)     rfi    . 

and  hence  show  that 

(10.)  If  n  be  a  positive  integer,  show  that 

l-mCi  +  «Cj--   .   .    .  (-)*mCn=(-)»«-lC„. 

(11.)  If  n  be  an  even  positive  integer, 

mCn-mC„-i.mCl  +  mCn-a.«Cj-.    .    . +mC«=(  -  )"/«„Cn,j. 

(12.)  If  m  and  n  be  positive  integers,  show  that 

mCo  •  m/sCn  +  nSk  •  (m-a)/aC«_i  +  m^^i  '  (m-4)/aC„-a  -|-  .   .    .  +  ,„Q|h  •  (»i»-aw)/aCo 

_m'(7?t'-2').  .  .(m»-2n-2»), 
■"  (2n) !  ' 

mCi .  (m-l)/aC„  +  mCs  •  (m-«)/aC«_i  +  mCs  •  {m-8)/3C^-a  +  .  •  ■  +  mCa»+l  •  (m-i»-l)/aCo 

^m(mg-l»)(w«~3»).  .  .  (m«-27rn«) 
(2n-t-l)! 
(See  Schlomilch,  ffandb,  d.  Alg.  AnoU,,  §  88.) 


Digitized  by 


Google 


XXVII  EXERCISES  X  187 

(18.)  Show,  by  equating  coefficients  in  the  ezpaiusion  of  (1  -  ar^)"»(l  -  «)"*•, 
where  m  is  a  positive  integer,  that 

l-^«+^'K-^)+  ,.  m«(m»-l»)..  .(m^-^^n^Q 

(14.)  If  n  be  a  positive  multiple  of  6,  then 

*Ci-nC,8+nC882-  ...  =0; 

nOi-^CJj^  +  nCsp-  ...  =0. 

(16.)  If  (l+aj)"'=l+ai«+a^+  .  . . ,  sum  the  series  1 -Oj+Oj- a,  +  .  .  . 
to  n  terms. 

(16.)  If   {l+xy^=l  +  aix+a^+  .    .    .,   then    l-ai'+o,*-   .    .    .    = 
(-l)*2n(2n-l)  .  .  .  (n  +  l)/n!. 

MY^^     2^  +  1)!^  (-l)''2»(2r)!_(-l)'- 

'      ^^''^  r!l!"(r-l)l8!'^'   *   *    ^   01(2r  +  l)!       2r  +  l  ' 

(18.)  '^S*l/4'"(rl)«(2n- 2r)I=(4n)l/4"{(2«)!}». 

(19.)  Sum  to  n  terms  2(2n-  2)!/2«»-^{(»-  1)I}«. 
(20. )  Sum  the  series 

n+(n-l)^  +  (n-2)3^+(n-8)3^+  .  .  .   +3.6..  .(3n-3)' 

(21.)  Find  for  what  values  of  n  the  following  series  are  convergent ;  and 
show  that  when  they  are  convergent  their  sums  are  as  given  below. 

1      w      1        n{n-l)     1  ^_ {m-Vj\ . 

m    llm+1        2!      m  +  2"  '  "  '     (n+l)(»  +  2)  .  .  .  (n  +  wi)  * 

In      1        njn-l)     1 (m-l)t        ,       ^     ,2-+i 

m^llm+1^     2!      m+2^  *  '  '  "(n  +  l)(n  +  2) .  .  .  (w+m)^"^  "^' 

-«^C«^>2-^+.  .  .+(-)«-*2»+«+(-)«l}, 
m  in  both  cases  being  a  positive  integer. 

(oo  ^  '2* (rH-tf)!(m+n-r-J-l)!_(m+n)! 

'^  ,Io  r\8\{m-r-l)\{n-8)l       mini   ' 

(28  )  ""T  'Vir+sy.jm+n-r-sy.Jm  +  n+iy. 

r=0    «=0   *"l«l(m-r)!(n-«)!  mini 

(24.)  The  number  of  the  r-ary  products  of  three  letters,  none  of  which  is 
to  be  raised  to  a  power  >  the  nth,  where  n<r<2n,  is 
r(8n-r)  +  l-in(n-l). 
(26.)  Prove,  for  a,  b,  c,  that  2a'-/(a-6)(a-c)=0,  if  r=0,  orr=l  ;  =1, 
if  r=2  ;  and  generalise  the  theorem. 

(26.)  Show  that 
a(&-c)(6c-aa0(a"»-o'"*)    h{e-a){ea-hb'){b^-b''^)     c(o  -  6)(a5  -  cc')(<^  -  c'"*) 
cna  "*■  6-6'  ■•■  e-c' 

=  (6  -  c)  (c  -  a)  {a  -  6)  (6c  -  aa')  {ca  -  66')  (06  -  ci/)&n^abe, 
where  aa'=hb'=ccf,  and  Sm-3  is  the  sum  of  the  (m-8)-ary  products  of 
a,  6,  c,  o',  6',  c*.  (Math.  Trip.,  1886.) 
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(27.)  If  Sr  be  the  earn  of  the  r-ary  products  of  the  roots  of  the  equation 
a-»+aiiB«-i+a^c»^2+  .  .  .  +a„=0,  then 
0=Si+Oi, 
0=Sa+Siai  +  afl, 

0=Sn+S„_iai  +  S„-2aa+.  .  .  +«», 

0=rSr+Sr-iai  +  S^aaa+.  .  .  +Sr-nan. 

(Wronski.) 

(28.)  If  Sr  be  the  sum  of  the  r-ary  products  of  n  letters,  P^  the  sum  of  the 
products  r  at  a  time,  2r  the  sum  of  their  rth  powers,  then 

S,.=nSr-(n-l)PiSr-i+  .  .  .   +(-l)''(n-r)Pr,  ifr<n-l. 
=nSr-(7t-l)PiS^i+  .  .  .   +(-l)-iPn-iSr-.H-i,ifr>n-l. 

(Math.  Trip.,  1882.) 

(29. )  If  «= (1  -  ax)-^l  -  px)-^ .  .  . ,  the  number  of  ways  of  distributing  n 
things,  X  of  which  are  of  one  sort,  fi  of  another  sort,  .  .  .,  into  p  boxes 
placed  in  a  row  is  the  coefficient  of  af*a^pf*  .  .  .  in  the  expansion  of  {v-1)p  in 
ascending  powers  of  x,  namely, 

UypCiU^  +  pCiUt-  .    .    ., 

where  u,=(p+\-8)\{p+fjL-8)\.  .  . /(^-*)!X!(;7-*)lAi!.  .  . 

(Math.  Trip.,  1888.) 

(SO.)  With  the  same  data  as  in  last  question,  show  that  the  whole  number 
of  ways  of  distributing  the  things  when  the  order  in  which  they  are  arranged 
inside  each  box  is  attended  to  is 

n\{n-l)\l(n-'p)\{p-l)\\\fi\y\.  .  . 

(Math.  Trip.,  1888.) 

Show  that 

(81.)  1  +  1/2+ .  .  .  +l/a:=xCi-J.C2+J,C3-  .  .  . 

1^0  \  1     ("1  +  1)^03.  (»'i  +  2)(m  +  l)7n(7W-l)^  _(-!)"* 

(32.)  1 — gy-  2  +        "61  ^    •  •  •  "-2^rrr 

(33.)  1,^^^-^^I.ZJ^2^^-^^  .  .  =(-1)-. 

(34.)  If  m  and  n  are  both  positive  integers,  and  m>n,  then 
2-"  ,  (m-n)(m--n-l)^..^a    (m-n)(m-w-l)(m-n-2)(m-n~3),^_4 
nl^        l!(n  +  l)!       '^        "^  2!(n+2)I 

^1.8.5  .  .  .  (2m-l) 
(?n.  +  7i)I 

(35. )  If  r  be  a  positive  integer, 
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MULTINOMIAL  THEOREM  FOR  ANY   INDEX. 

§  11.]  Consider  the  integral  function  ajX  +  a^+  .  .  .  +a,^^, 
whose  absolute  term  vanishes,  the  rest  of  the  coefficients  being 
real  quantities  positive  or  negative.  Confining  ourselves  in  the 
meantime  to  real  values  of  x,  we  see,  since  the  function  vanishes 
when  x  =  0,  that  it  will  in  all  cases  be  possible  to  assign  a  posi- 
tive quantity  p  such  that  for  all  values  of  x  between  -  p  and  +  p 
we  shaU  have 

a,x  +  a^  +  .  .  .  +  OfOf  <  1  (1). 

In  fact^  it  will  be  sufficient  if  p  be  such  that 

ap  +  ap*  +  .  .  .  +ap*'<l 

where  a  is  the  numerical  value  of  the  numerically  greatest 
among  a,,  a„  .  .  .,  a^.     That  is,  it  will  be  sufficient  if 

ap{l-(/)/(l-p)<l} 
a  fortiori  (supposing  p  <  1)  it  will  be  sufficient  if 

apl{l-p)<l; 
that  is,  if  p<l/(a+l)*  (2). 

p  is,  in  fact)  the  numerically  least  among  the  roots  of  the 
two  equations 

a^af  +  .  .  .  +  ajjc  ±  1  =  0, 

as  may  be  seen  by  considering  the  graph  of  o^  +  .  .  .  +  a^x. 

Therefore,  whether  m  be  integral  or  not,  provided 
- p<x<  +  p  we  can  always  expand  (1  +  a^x  +  a^  +  .  .  .  +  a^)^** 
in  the  form 

1  +  lEjnCt{a^x  +  a^  +  .  .  .  +  ttfOfy  (3) ; 

and  the  series  (3)  will  be  absolutely  convergent  whether  m  be 
positive  or  negative.  Hence,  since  a^x  +  a^  +  .  .  .  +  OfOf  is  a 
terminating  series  and  therefore  has  a  finite  value  for  aU  values 
of  x  positive  or  negative,  it  follows  from  the  principle  established 
in  chap,  xzvi.,  §  34,  that  we  may  arrange  (3)  according  to  powers 

*  This  ia  merely  a  lower  limit  for  p  ;  in  any  individual  case  it  would  in 
general  be  much  greater. 
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of  Xy  and  the  result  will  be  a  power  series  which  will  converge  to 
the  sum  (1  +  a^x  +  a^  +  .  .  .  +  a^)^  so  long  as  -p<a5<  +p. 

Since  5  is  a  positive  integer,  we  can  expand  „|C«  (orfl,  +  a^  + 
.  .  .  +  OnfiSy  by  the  formula  of  chap,  xxiii.,  §  12.  The  coefficient 
of  q3^  in  this  expansion  will  be 

2,nC^ !  ai*'a,** .  .  .  a/7ai '  «•  •  •  •  •  ^r !  1 
that  is, 

2a,%,** .  .  .  flr'M^  -  1) .  .  .  (m -  s  +  l)/a, !a,! .  .  .  (v!     (4), 

where  the  summation  extends  over  all  positive  integral  values  of 
ai,  a,,  .  .  .,  Or,  including  0,  which  are  such  that 


a,  +  2a,  +  .    .   .  +  fa,  =  n  )  ^  '' 


In  order,  therefore,  to  find  the  coefficient  of  a^  in  (3)  we  have 
merely  to  extend  the  summation  in  (4)  so  as  to  include  all 
values  of  5 ;  in  other  words,  to  drop  the  first  of  the  two  restric- 
tions in  (5). 

Heme^  tohether  m  be  integral  or  not,  provided  x  be  small  enough, 
we  have 

{I  +aiX  +  a^+  .  .  .  +  OfOry^ 

=  1+2-^^^ ,      ,     r^ %  *a.  V  .  .Or^^  (6), 

the  summation  to  be  extended  over  all  positive  integral  values  of  a^,  a,, 
.  .  .,  Or,  indtding  0,  such  that 

aj  +  2aa  +  .   .   .  +  ror  =  n. 

The  details  of  the  evaluation  of  the  coefficient  in  any  parti- 
cular case  are  much  the  same  as  in  chap,  xxiii.,  §  12,  Example  2, 
and  need  not  be  farther  illustrated.  It  need  scarcely  be  added 
that  when  n  is  very  large  the  calculation  is  tedious.  In  some 
cases  it  can  be  avoided  by  transforming  1  +  ajX  +  a^  + .  .  .  +  OfOf 
before  applying  the  Binomial  Expansion,  but  in  most  cases  the 
application  of  the  above  formula  is  in  the  end  both  quickest  and 
most  conducive  to  accuracy. 
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Example.  To  find  the  coefficient  of  a*  in  (l+aj+jc*  .  .  .  +a:^)"». 

We  have 

(H-aj+JB*+.  .  . +af)"»={(l-af+i)/(l-a;)}»», 

=  (l-af+-)-(l-ar)-«*, 

Hence,  if  n<r + 1,  the  coefficient  of  aj"  is  simply 

mH„=m(m+l)  .  .  .  (m+n-l)/»l; 
but  if  » •<  r + 1,  the  coefficient  of  of*  is 

nMn  -  mCi  •  n»Hn-r-l  +  mCj  .  mHn-Sr-9  -  .    .    • 


NUMERICAL  APPROXIMATION  BY  MEANS  OF  THE  BINOMIAL 
THEOREM. 

§  12.]  The  Binomial  Expansion  may  be  used  for  the  purpose 
of  approximating  to  the  numerical  value  of  (1  +  a;)"*.  According 
as  we  retain  the  first  two,  the  first  three,  .  .  .,  the  first  n+l 
terms  of  the  series  1  +  nCjOJ  +  ffi^  + .  .  .,  we  may  be  said  to 
take  a  firsts  a  second,  ...  an  nth  approximation  to  (1  +  x)^. 

The  principal  points  to  be  attended  to  are — 

1st,  To  include  in  our  approximation  the  terms  of  greatest 
numerical  value ;  in  other  words,  to  take  n  so  great  that  the 
numerically  greatest  term,  at  leasts  is  included. 

2nd,  To  take  n  so  great  that  the  residue  of  the  series  is  cer- 
tainly less  than  half  a  unit  in  the  decimal  place  next  after  that 
to  which  absolute  accuracy  is  required. 

3rd,  To  calculate  each  of  the  terms  retained  to  such  a  degree 
of  accuracy  that  the  accumulated  error  from  the  neglected  digits 
in  aU  the  terms  retained  is  less  a  unit  in  the  place  next  after 
that  to  which  absolute  accuracy  is  required. 

The  last  condition  is  easily  secured  by  a  little  attention  in 
each  particular  case.     We  proceed  to  discuss  the  other  two. 

§  13.]  The  order  of  the  numerically  greatest  term. 

In  the  case  of  the  Binomial  Series  (1  +  a;)^,  if  f  denote  the 

numerical  value  of  x,  so  that  0  <  f  <  1,  we  have  for  the  numerical 

value  of  the  convergencyratio  Wn+j/wn 


Digitized  by 


Google 


192  NUMERICALLY  GREATEST  TERM 


a-fi^- 


for=^^  (1), 


n+l^  n+ 1 

accordiug  as  m  -  n  is  positive  or  negative. 

Hence  it  is  obvious,  in  the  first  place,  that  if  -I5m<+1, 
that  is,  if  m  be  a  positive  or  negative  proper  fraction,  the  condi- 
tion o-n  <  1  is  satisfied  from  the  very  beginning,  and  the  first 
term  will  be  the  greatest. 

If  m  >  +  1,  the  condition  o-^  <  1  is  obviously  satisfied  for  any 
value  of  n  which  exceeds  m;  in  fact^  the  condition  will  be  satis- 
fied as  soon  as 

(m-n)f  <n+  1, 
that  is,  »>«-l)/(l+f)  (2), 

the  right-hand  side  of  which  is  obviously  less  than  rtk     This  con- 
dition  is  satisfied  from  the  beginning  if  £<  2/(m  -  1). 

Ifmbe<-l=-fi,  say,  where  /x  >  1,  the  condition  o-^  <  1 
will  be  satisfied  as  soon  as 

(/x  +  »)f<w+l, 
that  is,  n>{fi(- 1)1(1 -$)  (3). 

This  condition  is  satisfied  from  the  beginning  if  ^<  2/(/x  +  1). 

§  l'^»]  t/j>per  limit  of  the  residue.  We  have  seen  that,  ulti- 
mately, the  terms  of  a  Binomial  Series  either  (1)  alternate  in  sign 
or  (2)  are  of  constant  sign. 

To  the  first  of  these  classes  belong  the  expansions  of  (1  +  x)^ 
and  (1  +  x)'^,  where  x  and  m  are  positive. 

If  n  be  greater  than  the  order  of  the  numerically  greatest 
term,  and  in  the  case  of  (1  +  x)^  (see  §  4)  ako  >  twj  then  the 
residue  may  be  written  in  the  form 

E«=  ±K+i-Wn+a  +  Wn+8-.    •    •)  (1), 

where  Un+u  ^+»  ^n+»  ...  are  the  numerical  values  of  the 
various  terms,  and  we  have  t^n+i>^+«>Wn+8>  •  •  • 

Hence,  in  the  present  case,  the  error  committed  by  taking  an 
nth  approximation  is  numerically  less  than  Un+^.    In  other  words, 
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if  we  stop  at  the  tenn  of  the  nth  order,  thefolhmng  term  is  an  upper 
limit  for  the  error  of  the  approximation. 

Cor.  A  lower  limit  for  the  error  is  obviously  t^n+i  -  %+«• 

The  expansions  of  (1  -  x)^  and  (1  -  x)-^"'  belong  to  the 
second  class  of  series,  in  which  the  terms  are  all  ultimately  of  the 
same  sign.  It  will  be  convenient  to  consider  these  two  expan- 
sions separately. 

In  the  case  of  (l-5c)"*,  if  we  take  n>m,  then  we  shall 
certainly  include  the  numerically  greatest  term;  and  o-^,  the 
numerical  value  of  the  convergency-ratio,  will  be  (w  -  m)xl{n  +1), 
that  is,  {1  -  (m  +  l)l{n  +1)}  x.  This  continually  increases  as  n 
increases,  and  has  for  its  limit  x,  when  n=co  .     Hence 

0-n+i«rn+a<   .    .    .    <X<1. 

Therefore,  Un+u  ^n+»  •  .  •  having  the  same  meaning  as  before. 

Therefore 

ModEn<'Wn+i(l +aJ  +  «'  +  a;'  +  .  .  .), 

<Un^J{l-x)  (2). 

Hence  the  error  in  this  case  is  numerically  less  than  Un+i/{l  -  x), 
and  it  is  in  excess  or  in  defect  according  as  the  least  integer  which 
exceeds  m  is  even  or  odd  (see  §  4). 

Cor.  A  lower  limit  for  the  error  is  obviously  Un+i/{l  -  crn+,),  that 
w,  mCn+iaJ'»+V{l  -  (^  +  1  -  rn)x/(n  +  2)}. 

In  the  expansion  of  (1  -  a;)""*,  all  the  terms  are  positive ; 
and,  in  order  to  include  the  greatest  term,  we  have  merely 
to  take  n  >  (mx  -  1)/(1  -  x). 

We  have,  in  this  case, 

cTn  =  (w  +  m)xl{n  +  1)  =  {1  -  (1  -  m)/{n  +  l)}x, 

=  {l  +  (7n-l)/(n+l)}j. 
Hence,  if  m<l, 

o-n+i<o-»+a<   .    .    .    <X<1, 
VOL.  II  0 
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EXAMPLE 


and  an  upper  limit  of  Rn  v?ill  be  «*»+,/(!  -x)  as  in  last  case,  a  lotoer 
limit  being  Unu/{^  -  o-n+i),  that  is,  ^Hn+,«~+V{l  -  (^^  +  1  +  ^0*/ 
(n+2)}. 
Ifm>l, 

l><rn+i><rn+,>  ...>«, 

and    an   upper    limit  of  R^   mil   be  Un+JO-  "  ^n+i)>    ^hat    «, 
TOHn+,a;**+7{l  "■(^+ ^  ■*'^W(^  +  2)},  a  lower  limit  being  «»+,/ 

(1-4 

The  error  for  (1  -  x)'^  is,  of  course,  always  in  defect 

Example  1.  To  calculate  the  cube  root  of  29  to  6  places  of  decimals. 
The  nearest  cube  to  29  is  27.     We  therefore  write 

4/29 = (3»  +  2)1/8 = 3(1  +  2/3»y^, 

The  first  term  is  here  the  greatest ;  and  the  terms  alternate  in  sign  after  Ui. 
Also  K^  written  in  the  most  convenient  form  for  calculating successire  terms,  is 


Therefore 

+ 

81r  A- 

Wo= 

Wi=Mo2/81  = 
«2=M/162  = 

«8  =  M2lO/243  = 

«4-i«3l  6/324  = 

3  000,000,00 
74,074,67 

75,27 

•001,828,99 
3,72 

3-074,149,34 
•001,832,71 

•001,832,71 

W8  =  M422/405 

8-072,316,63 
20 

Hence  the  error  in  defect,  due  to  neglect  of  the  residue,  amounts  to  less 
than  2  in  the  seventh  place.  The  error  for  neglect  of  digits  does  not  exceed 
1  in  the  seventh  place.  Therefore,  the  best  6 -place  approximation  to 
^29  is  3-072,317.  In  Barlow's  Tables  we  find  3^072,316,8  given  as  the  value 
to  7  places. 

Example  2.  To  calculate  [l-x)*^/{l+x+a?)"*  to  a  second  approximation, 
X  being  small. 

(l-aj)"»(l+a;  +  a;V"' 
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where  we  have  already  neglected  all  powers  of  x  above  the  second  in  each  of 
the  two  series ; 

=  { 1  _«;,+??5(!|zl)^}  { 1  _^+??!(^zl^}. 
=l+(-m-«);»+ {'?^)+m»+!fcl)}:^. 

where  higher  powers  of  x  than  tP  have  again  been  neglected  in  distributing 
the  prodnct ; 

=1  -  2mx+m(2m-  l)aj". 


EZERCISSS  XI. 

(1.)  The  general  term  in  the  expansion  of  (l+x+y+xyyil+x+y)  is 
( -  l)"^(m+n- 2)!aJ«jr/(wi  -  l)!(n- 1)!.' 

Determine  limits  for  x  within  which  the  following  multinomials  can  be 
expanded  in  convergent  series  of  ascending  powers  of  x ;  and  find  the  co- 
efficients of 

(2.)  X^m(l'2x+x^-B7?)'K  (3.)  sfi  m(l-dx-7a?+7?)-l 

(4.)  a:«anda?in(a;  +  8jB»+6aj^  +  7aj^+ .  .  .  )-'. 

(5.)  a'in(l-3a;+iB»-aj»)-*.  (6.)  sif  in  {2  + Zx+a?)-^ 

(7.)  Show  that  in  (9a'+eax+i3^)-^  the  coefficient  of  a*'  is  2»^3a)-'^2  ; 
and  that  the  coefficient  of  every  third  term  vanishes. 

(8.)  The  coefficient  of  a^  in  (l+x+a?)^  (in  a  positive  integer)  is 
m{m  - 1\  .  m{m  - 1)  (m  -  2)  (m  -  3)  . 
■*■     (1!)«     ■•■  (2!)"  +  .  .  .     . 

(9. )  The  coefficient  of  aj»H-i  in  (1+  «)/(!+  a; + «»)«  is  - (r  + 1). 
(10.)  Evaluate  ^?y(100/99),  and  5^(1002/998),  each  to  10  places  of  decil 
mals  ;  and  demonstrate  in  each  case  the  accuracy  of  your  approximation. 

Find  a  first  approximation  to  each  of  the  following,  x  being  small :  — 

/n   X  {X  +  ^^X'  +  I)}^-  {X-S/JX^+D}^ 

(12.)  (H-aj)(l+ra:)(l  +  r2a:).../(l-a;)(l-a;)'-(l-a;)'»...     . 
(13.)  \/(2- V(2-\/(2-  .  .  .  -  V(l+aj)  •  •  •  )));  where  V  is  repeated 
n  times. 

(14.)  If  a;  be  small  compared  with  N',  then  V(N' +  «)  =  N  +  ar/4N + 
Na:/2(2N'+a5),  the  error  being  of  the  order  aj*/!^.  For  example,  show  that 
\/(101)  =  10,W»»  to  8  places  of  decimals. 

(16.)  If  J?  differ  from  N'  by  less  than  1  per  cent  of  either,  then  J^p  differs 
from  §N  +  ji?/N«  by  less  than  N/90000.    (Math.  Trip.,  1882.) 
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(16.)  Up=l^*+x  where  x  is  small,  then  approximately 

show  that  when  N  =  10,  x=l,  this  approximation  is  accurate  to  16  places  of 
decimals.     (Math.  Trip.,  1886.) 

(17.)  Show    that    L    {l/^yn^+l|^/{n^  +  l)+  .    .    .  +  lM'i'  +  2»i)}  =2, 

n  =  ao 

(Catalan,  Nouv,  Ann.,  sec.  i.,  t.  17). 

(18.)  Find  an  upper  limit  for  the  residue  in  the  expansion  of  (1  +«)"•  when 
m  is  a  positive  integer. 
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CHAPTEE   XXVIII. 
Exponential  and  Logarithmic  Series. 

EXPONENTIAL  SERIES. 

§  1.]  We  have  already  attached  a  definite  meaning  to  the 
symbol  a*  when  a  is  a  positive  real  quantity,  and  x  any  positive  or 
negative  commensurable  quantity.  We  propose  now  to  discuss 
the  possibility  of  expanding  a^  in  a  series  of  ascending  powers 
of  X, 

If  we  assume  that  a  convergmt  expcmsion  of  a*  in  ascending  powers 
of  X  exists,  then  we  can  easUy  determine  its  coefficients. 

For,  let 

a*  =  Ao  + Aiaj  + Aaa^  +  .  .  .  +  A„a:'*  +  .  .  .  (1), 

then,  proceeding  exactly  as  in  chap,  xxvii.,  §  2,  we  have 

L(a*+*  -  a*)/A  =  Aj  +  2 A^^  + .  .  .  +  nA^-i  +  .  .  .; 
and  the  series  on  the  right  will  be  convergent  so  long  as  x  lies 
within  limits  for  which  ( 1 )  is  convergent.  Now  (by  chap,  xxv.,  §13) 

L(a*+*  -  a*)/A  =  a*AL(e^  -  1)/AA, 

where  A  =  log<^,  and  e  is  Napier's  Base,  namely,  the  finite  quantity 
L  (1  +  1/n)".     Hence 

n=oo 

Aa*  =  1  A,  +  2Aaa:  + .  .  .  +  nAnX'^''^  + .  .  .  (2). 

Therefore,  by  (1), 
X{A^  +  A^  +  .  .  .  +  An-,a;'*"^  +  .  .  .) 

=  lAi  +  2Aaaj  +  .  .  .H-nAnaj"-!  .  .  .    (3). 
Since  both  the  series  in  (3)  are  convergent,  we  must  have 
1  Ai  =  AAo,     2 Ag  =  AA,,     .  .  .,     nAn  =  AAn  - ,. 
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Using  these  equations,  we  find,  successively, 

A,=AoA/l!,     A.  =  AoAV2!,     .  .  .,     A^  =  AoA«/n!     (4). 
Also,  since,  by  the  meaning  attached  to  a*,  a*  =  +1,  putting 
a;  =  0  on  both  sides  of  (1),  we  have 

+  l=Ao  (5). 

Hence,  finally, 

a*  =  1  +  Aa;/1 !  +  (Xxy/2\  +  .  .  .  +  {Xx)''/n\  + .  .  .      (6). 
We   see,  a  posteriori^  that  the  expansion  found  is  really  con- 
vergent for  all  values  of  x  (chap,  xzvi.,  §  5),  and  also  that  the 
series  in  (2)  is  convergent  for  all  values  of  x.     Our  hypotheses 
are  therefore  justified. 

This  demonstration .  is  subject  to  the  same  objection  as  the 
corresponding  one  for  the  Binomial  Series:  it  is,  however,  interest- 
ing, because  it  shows  what  the  expansion  of  a'  must  be,  provided 
it  exist  at  alL  We  shall  next  give  two  other  demonstrations, 
each  of  which  supplies  the  deficiency  of  that  just  given,  and  each 
of  which  has  an  interest  of  its  own. 

§  2.]  Deduction  of  the  Ea^ooneniial  from  the  Binomial  Expansion, 
By  the  binomial  theorem,*  we  have,  provided  z  be  numeric- 
ally greater  than  1, 


(-1)"= 


■»  2!        «• 


gx(sx  -I) ..  .(zx-n+  1)1 
+  — i -' —  -^ -'  —  + . 


z'(l  -  l/zx)  _^{l-llzx)...(l-n-llzz) 

-1+X+         -        +.  .  .+  - 

+  It„     (1), 
where  

_3i^+\l-l/zx)...(l-n/zx)     s^'+^l  -  l/zx) . . .  (I  - n  +  l/zit) 
^~                (n+i)\'               "^                    (»+2)! 
+•••     (2)- 

*  In  what  follows  we  have  restricted  the  value  of  the  index  zx.  Since 
2  is  to  be  ultimately  made  infinite,  there  is  no  objection  to  our  supposing  it 
always  so  chosen  that  ac  is  a  positive  integer.  We  then  depend  merely 
on  the  binomial  expansion  for  positive  integral  indices.  This  will  not  affect 
the  value  of  L(l  +  l/z)",  for  it  has  been  shown,  (chap,  xxv.,  §  13)  that  this 
has  the  same  value  when  z  becomes  +  or  -  oo ,  and  whether  z  increases  by 
integral  or  by  fractional  increments. 
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Suppose  now  a;  to  be  a  given  quarUity;  and  give  to  n  any  fixed 
integral  value  whatever.  Then,  no  matter  what  positive  or 
negative  commensurable  value  x  may  have,  we  can  always  choose 
z  as  large  as  we  please,  and  at  the  same  time  such  that  zz  is  h 
positive  integer,  p  say,  where  p>n.  The  series  (2)  will  then 
terminate;  and  we  shall  have  l/zx<2/zx<  .  .  .  <n/zx  .  .  . 
<  (^  -  l)/zx  <  1.     With  this  understanding,  it  follows  that 

(n+ 1)!  t        7t+  2     (n  +  2)  J 

<  ««+V(»  +  1) HI  -  «/(»*  +  2)}  (3); 

and  we  have 

\       z/  2!  «! 

+  Rn      (4), 

where  Rn  satisfies  the  condition  (3). 

Now  let  z^  and  therefore  also  p,  increase  without  limit  (n 
remaining  fixed  as  before).     Then,  since 

L  (i-i/p)...(i-»':n/p)  =  i, 

we  have 

^l(i.-J=1..4,.....J.B„         (5).     • 

Rn  being  still  subject  to  (3). 

We  may  now,  if  we  choose,  consider  the  efiect  of  increasing 
n.  When  this  is  done,  x'*+Y(^+ 1)!{1 -a;/(n+ 2)}  (see  chap. 
XXV.,  §  15)  continually  diminishes,  having  zero  for  its  limit  when 
n  =  00  ;  we  may  therefore  write 

L(l+-)     =l+a;+  —  +•••+-;  +  •  --adoo     (6). 
g^^\       zJ  2!  n\ 

Thus  the  value  of  L(l  +  Ijz)^  is  obtained  in  the  form  of  an 
infinite  series,  which  converges  for  all  values  of  x.  For  most 
purposes  the  form  (5)  is,  however,  the  most  convenient^  since  it 
gives  an  upper  limit  for  the  residue  of  the  series. 
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200  CALCULATION  OF  e  chap. 

§  3.]  The  conditions  of  the  demonstration  of  last  paragraph 
will  not  be  violated  if  we  put  x=\.  Hence,  ujsing  e,  as  in  chap. 
XXV.,  to  denote  L  (1  +  I/0)*,  we  have 


»=00 


where  En  <  (n  +  2)l{n  +  1)  (n  +  1) !  (8). 

This  formula  enables  us  to  calculate  e  with  comparative  rapidity 
to  a  large  number  of  decimal  places.  We  have  merely  to  divide 
1  by  2,  then  the  quotient  by  3  ;  and  so  on.  Proceeding  as  far 
as  n=  12,  we  have 


1  +  1  =: 

2  000000000 

1/2!  = 

•500000000 

1/3!  = 

166666667 

1/41  = 

41666667 

1/5!  = 

8333333 

1/6!  = 

1388889 

1/7!  = 

198413 

1/8!  = 

24801 

1/9!  = 

2756 

1/10!  = 

276 

1/11!  = 

25 

1/12!  = 

2 

2-718281829 
Here  the  error  in  the  last  figure  owing  to  figures  neglected  in  the 
arithmetical  calculation  could  not  exceed  the  carriage  from  10x5, 
that  is,  5.  Also  the  residue  E,.  <-^(l/13 1)  <H  '0000000002 
<  -0000000003,  so  that  the  neglect  of  E,,  would  certainly  not 
affect  the  eighth  placa  Hence  we  have  as  the  nearest  7-place 
approximation  for  e 

«  =  2-7182818. 
It  is  usual  to  give  a  demonstration  that  the  numerical  constant  e 
is  incommensurable.    The  ordinary  demonstration  is  as  follows : — 

Let  us  suppose  that  e  is  commensurable,  say  =^/g,  where  p  and  q  are  finite 
positive  integers.     Then  we  have  by  (7) 

^/g=2  +  l/21  +  .  .  .+l/<?!  +  R„ 
where  'Big<{q  +  2)j{q  +  \fq\, 
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Hence,  multiplying  l»y  j  !|  we  get 

p.(^-l)I=I  +  g!R„ 
where  ^(g-l)!  and  I  are  obyiously  integral  numbers.     Hence  glB^  must  be 
integral. 

Now  ?!R»<te+2)/(g+l)», 

that  is,  g!  By  is  a  positive  proper  fraction. 

The  assumption  that  e  is  commensurable  therefore  leads  to  an  arithmetical 
absurdity,  and  is  inadmissible. 

Another  demonstration  which  gives  more  insight  into  the 
nature  of  this  and  some  other  similar  cases  of  incommensurahility 
in  the  yalue  of  an  infinite  series  is  as  follows : — 

If  ri,  rf,  .  .  .,  rn,  .  .  .  be  an  infinite  series  of  integers  ^i?«7i  in  mo^i^t^ 
wnd  in  order,  then  it  can  be  shown  (see  chap,  iz.,  §  2)  that  any  commensur- 
able number  pjq  (where  p  and  q  are  prime  to  each  other,  and  p<-q)  can  be 
expanded,  and  that  in  one  way  only,  in  the  form 

?=£?+^+_^+.  ..+  _&_+..  .  (9), 

q    Ti    riT%    riT%r%  rirj . . .  r« 

where  ^<ri,;?j<r2,  .  .  .,  ^«<r„,  .  .  .;  and  that  the  series  will  always  ter- 
minate when  either  q  or  all  its  factors  occur  among  the  factors  of  the  integers 
ri,  rj,  .  .  .,  r„,  .  .  .  Hence  no  infinite  series  of  the  form  (9)  can  represent 
any  vulgar  fraction  whose  denominator  consists  of  factors  which  occur  among 
rii  ^Sf  .  .  .,  rn,  .  .  .     . 

In particularf  if  ri,  r2,  .  .  .,  r„,  .  .  .  contain  all  the  natural  primes^  and, 
a  fortiori,  if  they  he  the  succession  ofnaiural  nwmJbers  (excq>ting  1),  namely ,  2, 3,  4, 
5,  .  .  .,  n+ 1,  .  .  .,  then  the  series  in  (9)  cannot  represent  any  commensurable 
number  at  all* 

The  incommensurability  of  «  is  a  mere  particular  case  of  the  last  conclu- 
sion ;  for  we  have  in  the  series  representing  «  -  2 

ri  =  2,     r2=3,    .  .  .,     r„=n+l,  .  .  .; 

pi=l,    Pi=l,    .  .  .,    Pn=l 

Hence  «  -  2  is  incommensurable,  and  therefore  e  also. 

§  4.]  Returning  to  equation  (5)  of  §  2,  since  L(l  +  l/zY  has 
a  finite  value  «,  we  have  L(l  +  1/zf  =  {L(l  +  !/;»)*}*  =  e*,  there- 
fore 

*  It  should  be  noticed  that  an  infinite  series  of  the  form  (9)  may  represent 
a  fraction  whose  denominator  contains  a  factor  not  occurring  among  ri, 
^2,  .  .  .i  ^»i>  •  •  •»  for  example, 

r3+o+3:5.T^3X7:9+-  •;  ^^~- 

This  point  seems  to  have  been  overlooked  by  some  mathematical  writers. 


Digitized  by 


Google 


202  cauchy's  summation  chap. 

«'=1+J4  +  ...-hJ  +  R„  (10). 

where  K^  is  subject  to  the  inequality  (3). 

Finally,  since  a*  =  e^*  where  A  =  log^,  we  have 

where  R^ <  (Aaj)«+V(n  +  1)!  { 1  -  kx/(n  +  2)}  (12). 

Since  LRn  =  0  when  »  =  oo ,  the  series  (10)  and  (11)  may  of 
course  each  be  continued  to  infinity. 

This  completes  our  second  demonstration  of  the  exponential 
theorem. 

§  5.]  Summaiion  of  the  Exponential  Series  for  real  values  of  x. 

A  third  demonstration  was  given  by  Cauchy  in  his  Analyse 
Algibrique.  It  follows  closely  the  lines  of  the  second  demonstra- 
tion of  the  binomial  theorem ;  and  no  doubt  it  was  suggested 
by  the  elegant  process,  due  to  Euler,  on  which  that  demonstra- 
tion is  founded.  This  third  demonstration  is  of  great  import- 
ance, because  we  shall  (in  chap,  xxix.)  use  the  process  involved  in 
it  to  settle  the  more  general  question  regarding  the  summation 
of  the  Exponential  Series  when  ^  is  a  complex  number. 

Denote  the  infinite  series 

.l+aj  +  — +...  +  --  +  ... 
2!  n\ 

by  the  symbol  /(x).  Then,  since  the  series  is  convergent  for  all 
values  of  x^  f(x)  is  a  single  valued,  finite,  continuous  function 
of  X  (chap.  xx;vi.,  §  19). 

Also,  since  f{x)  and  f(y)  are  both  absolutely  convergent 
series,  we  have,  by  the  rule  for  the  multiplication  of  series  (chap, 
xxvi.,  §  14), 

f(.)/(y)  =  l+(x  +  y)  +  (^  +  ^  +  |;)+... 


/jpw         x^'^y  x^-y^  y^\ 


+  , 
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Now 
nl"*"(n-l)!l!'**(n-2)!2!"*"'  *  '"^'n! 

by  the  binomial  theorem  for  positive  integral  exponents. 

Hence  f{^)f{y)  =  1  +  2(a;  +  y»!, 

=  /(^  +  y)  (!)■ 

Hence  f{x)mf{z)=f(x^y)f{z\ 

=  f{x  +  y  +  z); 

and,  in  general,  z,  y,  z,  ,  .  .  being  any  real  quantities  positive  or 
negative, 

f{x)Mnz)...=/{x  +  y  +  z  +  ...)  (2). 

This  last  result  is  called  the  Addition  Theorem  for  the  Eopponen- 
tied  Series. 

From  (2),  putting  x-y  =  z,  .  .  .,  =1,  and  supposing  the 
number  of  letters  to  be  n,  we  deduce 

{/(!)}»=/(«)  (3). 

Also,  taking  the  number  of  the  letters  to  be  q,  and  each  to 
be  p/q^  we  deduce 

{f(p/q)}'=f(p)  (4), 

where  p  and  q  are  any  positive  integers.     From  (4),  by  means  of 
(3),  we  deduce 

{/(?/?)}« ={/(l)}^  (6). 

Finally,  from  1,  putting  y=  -a;,  we  deduce 

/(«=)/( -^)=/(0)  (6). 

The  equations  (5)  and  (6)  enable  us  to  sum  the  series  f(x) 
for  all  commensurable  values  of  x. 

From  (5)  we  see  that  f(p/q)  is  a  ^h  root  of  {/(l)}^. 
Now,  since  p/q  is  positive,  the  value  of  f(p/q)  is  obviously  real 
and  positive.  Also /(I),  that  is,  1  +  1/11  +  1/2!  +  .  .  .,  is  a 
finite  positive  quantity,  which  we  may  call  e.  Therefore 
{/(l)}^,  or  e^,  is  real  and  positive.  Hence  f{p/q)  must  be  the 
real  positive  qth  root  of  e^,  that  is,  e^f^.     Hence 
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l-H^^^^'  +  -  ••  =  *-"  (7), 

p  and  q  being  any  positive  integers. 

Finally,  since /(O)  =  1,  we  see  from  (6)  that 

/(-M)  =  1//(W!?)> 

=  l/ePf^, 

Hence 

l^(rM^izlM)L^,,.  =  e-P"-  (8), 

1 !  ^  ! 

where  p/q^  is  any  positive  commensurable  number. 

By  combining  (7)  and  (8)  we  complete  the  demonstration  of 
the  theorem,  that 

^     ^      X      of  a;" 

for  all  commensurable  values  of  x,  e  being  given  by 

,11  1 

e=l  +  T7  +  — +  .  .  .+-:  +  .  .  .     . 
1!      2!  nl 

The  student  will  not  fail  to  observe  that  e  is  introduced  and 
defined  in  the  course  of  the  demonstration. 

The  extension  of  the  theorem  to  the  case  where  the  base  is 
any  positive  quantity  a  is  at  once  effected  by  the  transformation 
a*  =  g^,  as  in  last  demonstration. 

§  6.]  From  the  Exponential  Series  we  may  derive  a  large 
number  of  others ;  and,  conversely,  by  means  of  it  a  variety  of 
series  can  be  summed. 

BernovlWs  Numbers. — One  of  the  most  important  among  the 
series  which  can  be  deduced  from  the  exponential  theorem  is  the 
expansion  of  x/{l  -  «"•*),  the  coefficients  in  the  even  terms  of 
which  are  closely  connected  with  the  famous  numbers  of 
Bernoulli. 

We  shall  first  give  Cauchy's  demonstration,  which  shows,  a 
priori^  that  xj{\  -  «"*)  can  he  expanded  in  an  ascending  series  of 
powers  of  Xy  provided  x  lie  within  certain  limits. 
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We  have 


1  1 


(IX 


1-e-'     (l-6-^)/a;     1-y 
where         ,  y  =  1  -  (1  -  «-*)/a;  (2). 

Now,  from  (1),  we  have 

ir/(l-6-*)  =  l+y  +  y-  +  .  .  .  ad  oo  (3); 

and  this  series  will  be  absolutely  convergent  provided  -  1  <  y  <  +  1. 
Also,  from  (2),  using  the  exponential  theorem,  we  have 

y  =  a;/2!-a;73!  +  aj74!-.  .  .  ad  oo  (4); 

and  this  series  is  absolutely  convergent  for  all  values  of  z,  and 
therefore  remains  convergent  when  all  the  signs  are  taken  alike. 
If,  therefore,  we  can  find  a  value  of  p  such  that 

p/2!+p73!+p74!  +  .  .  .  ad  oc  <  1  (A),' 

then,  for  all  values  of  x  between  -  p  and  +  p,  Cauchy*s  condi- 
tions of  absolute  convergency  (chap,  xxvi.,  §  34)  will  be  fulfilled 
for  the  double  series  which  results^  when  we  substitute  in  (3)  the 
value  of  y  given  by  (4).  This  double  series  may  therefore  be 
arranged  according  to  powers  of  x,  and  the  result  will  be  a  con- 
vergent expansion  for  x/{l  -  e'*). 

It  is  easy  to  show  that  a  value  of  p  can  be  found  to  satisfy 
the  condition  (A) ;  for  we  have 

p/2!  +  p73!  +  .  .  .=(er-l)/p^l. 

We  have,  therefore,  merely  to  choose  p  so  that 

er-l<2p  (6). 

If  the  graphs  of  e*  -  1  and  of  '2x  be  drawn,  it  will  be  seen 
that  both  pass  through  the  origin,  the  former  being  inclined  to 
the  X-axis  at  an  angle  whose  tangent  is  1,  the  latter  at  an  angle 
whose  tangent  is  2,  that  is  to  say,  at  a  greater  angle.  There- 
fore, since  e'-l  increases  as  x  increases,  and  that  ultimately 
much  faster  than  2x,  the  graph  oi  e^-l  will  cross  the  graph  of 
2x  just  once.  Therefore  the  inequality  (5)  will  be  satisfied  pro- 
vided p  be  less  than  the  unique  positive  root  of  the  equation 
«*  -  1  =  2ic.     Since  c*  -  1  <  2  x  1,  and  «*  -  1  >  2  x  2,  this  root  lies 
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between  1  and  2.*  It  will,  therefore,  certainly  be  possible  to 
expand  x/{l  -  e"*)  in  a  convergent  series  of  powers  of  a;  if 
-  1  <x<  +1. 

If  we  make  the  substitution  for  y,  and  calculate  the  co- 
efficients of  the  first  few  terms,  we  find  that 

,      1       1  a:*      1    a:*       1    «•  ,., 


!-«-*  2       6  2!     30  4!     42  6! 

Knowing,  a  priori^  that  the  expansion  exists,  we  can  easily 
find  a  recurrence  formula  for  calculating  the  successive  co- 
efficients.    Let 

xl(l  -  g-*)  =  Ao  +  A,a;  +  A^  +  Asa;'  +  .  .  .  (7). 

Then,  putting  -a;  in  place  of  x^  we  must  have,  since 
~a:/(l-«*)  =  e-*a;/(l-e-*), 

e-*a;/(l-«-*)  =  Ao-A,a;  +  A^~A3af  +  .  .  .  (8). 

Since  both  the  series  are  convergent,  we  have,  by  sub- 
tracting, 

a;  =  2 Aja;  +  2A3a;' +  .  .  .  (9). 

Hence  Ai  =  J ;  and  all  the  other  coefficients  of  odd  order 
must  vanish. 

Therefore,  from  (7),  we  have 

a;  =  (Ao+iaj  +  A^  +  A4a;*  +  .  .  .)(!-«-*), 

=  ( Ao  -¥  ^x  +  A^  +  A4a;*  +  .  .  .  +  Agna^*"  + .  .  . ) 

(^_^     ^  __  ^         ^^^    _        \ 

""  Vn ""  2l  "^  F!  "*  •  •  • "  (2w)!  "^  (2»TT)"!  "•••;' 

The  product  of  these  two  convergent  series  will  be  another 
convergent  series,  all  of  whose  coefficients,  except  the  coefficient 
of  a:,  must  vanish.  Hence,  equating  coefficients  of  odd  powers  of 
a;,  we  deduce  Ao=  1,  and 

"ir'^'Tr"^'  *  •■^(27i-l)!"2(2^!'^(2^-ri)!"    ' 

•  More  nearly,  the  root  is  1.250  .  .  . ;   but  the  actual  value,  as  will  be 
seen  presently,  is  not  of  much  importance. 
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that  is, 

Agn     A,n..«  K 2n-l  .     . 

1!^     3!    ^•-  -^(2^-1)1     2(2n+l)!  ^  ''^• 

In  like  maimer,  if  we  equate  the  coefficients  of  even  powers 
of  X,  we  deduce 

2!         4!  (2n)!     2(2n  +  2)!  ^     ^' 

If,  as  is  usual,  we  put  Agn  =  (-)'*'^Bn/(2n)!,  our  expansion 


=  l+^j:  +  -V--y  +  ^y-...      (12); 


!-<-*  2      2!        4!        6! 

and  the  equations  (10)  and  (11)  may  be  written 

„+,C„B„-  „+.C„.,B„..  +  ...(-  )"- W.C.B.  =  (  -)»-!(»  -  J) 

(10') 
and 

^+.C.„Bn-,„+.C«»..Bn-,  +  ...(-)~-W.C.B,  =  (-)~-^n  (11') 
respectively. 

If  we  put  n=lj  n=2,  n=3,  .  .  .,  successively,  either  in 
(10')  or  in  (11'),  we  can  calculate,  one  after  the  other,  the 
numbers  B^,  B,,  .  .  .,  Bn,  .  .  .,  which  are  called  Bernoulli's 
numbers.*  Since  we  know,  a  priori,  that  the  expansion  exists, 
the  two  equations  (10')  and  (11')  must  of  necessity  be  con- 
sistent. Neither  of  them  furnishes  the  most  convenient  method 
for  calcidating  the  numbers  rapidly  to  a  large  number  of  decimal, 
places ;  but  it  is  easy  to  deduce  from  them  exact  values  for  a 
few  of  the  earlier  in  the  series,  namely, 

'~6'  ^"30'  ^~42'     *"30' 

^.  -  gg,  D,  -  2^3^,  c,  -  g,  u,  -  g  jy , 

_      43867  _       1222277    . 
^  ~  ~798~'     '•  ~  ^310""'  *"• 

*  There  is  considerable  dirergenco  among  mathematical  writers  as  to  the 
notation  for  Bemoolli's  nambers.  What  we  have  denoted  by  Bn  is  often 
.denoted  by  Bj,,  or  by  Bj«-i' 
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We  shall  return  to  the  properties  of  these  numbers  in  chap. 

XXX. 

Rtnuirk  regarding  the  limits  within  which  the  expansion  of  ar/(l-e-*)  is 
valid. — If  we  denote  the  series 

by  ^(a;),  we  may  state  the  problem  we  have  just  solved  as  follows  : — To  find 
a  convergent  series  ^x)  such  that  (1  -  e-*)ip(x)=x,  thai' is,  such  (hat  {x-si^/2 ! 
+a^/8!-.  .  .)if>{x)=x. 

Now,  since  jc  -  a"/2  l+a?/3  !  -  is  absolutely  convergent  for  all  values  of  x, 
and  the  coefficients  of  if>{x)  satisfy  (10')  and  (11'),  <t>{^)  will  satisfy  the  con-, 
dition  (x  -  a?/2  !  +  sb'/8  !  -  .  .  .  )4>{x)=x  so  long  as  ip{x)  is  convergent.  Hence, 
so  long  as  ip{x)  is  convergent,  it  will  be  the  expansion  of  a;/(l  -  «-*).  As  a 
matter  of  fact,  it  follows  from  an  expression  for  Bernoulli's  numbers  given  in 
chap.  XXX.  that  <p{x)  is  convergent  so  long  as  -2T<a;<+2r.  The  actual 
limits  of  the  validity  of  the  expansion  are  therefore  much  wider  than  those 
originally  assigned  in  the  a  priori  proof  of  its  existence. 

Cor.  1.  Since  x{f  +  e-*)/(e*  -  e-')  =  x/{l  -  e'^)  -  a;/(l  -  (^\ 
we  deduce  from  (12) 


X 


^?±ll!=l+l»2V-^2V  +  ^»  2V-.  .  .    (13). 
e*-e-*  2!  41  6!  ^     ^ 

Cor.  2.  Sinu  «/(!  +  <?-*)  =  2a;/(l  -  e-^)  -  a;/(l  -  e-% 

iHT-=|(2^--^)^^li(2'-^)^'-r!(^*-^>-^*-'-  •  •  <^^>- 

§  7.]  Bernoulli's , Theorem. — ^We  have  already  seen  that  the 
sum  of  the  rth  powers  of  the  first  n  integers  (nS^)  is  an  integral 
function  of  n  of  the  r  +  1th  degree  (see  chap.  :xx.,  §  9). 

We  shall  now  show  that  the  coefficients  of  this  function  can 
he  expressed  by  means  of  Bernoulli's  numbers. 
From  the  identity 

(«»»*- l)/(e*- 1)^1 +e*  +  e2*+  .  .  .  +  e^n-i)x^ 
that  is, 

(c««-l)/(l-6-*)  =  e*  +  e2«  +  e8*+  ...+«««, 

we  deduce  at  once 
f  nx     nV  n^'Tf  )    f ,      1        B^  ,     B,  ,  ) 
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wherein  all  the  series  are  absolutely  convergent,  so  long  as  n 
is  finite,  provided  x  do  not  exceed  the  limits  within  which 
1  +  |a;  +  'Bj3f/2  !  -  B^*/i: !  +  .  .  .  is  convergent.  The  coefficient 
of  af+^  on  the  right  of  (1)  must  therefore  be  equal  to  the  co- 
efficient of  af +^  in  the  convergent  series  which  is  the  product  of 
the  factors  on  the  left     Hence 

n&r_    w'+^       J^       B^n^-i  BX"^     .     Ban'--* 


r!      (r+1)!     2.r!      2!(r-l)!      41(r-3)!      6!(r-6)l''    ' 

Therefore 
Q      7i'+i     1  r^   ^  ,     r(r-l)(r-2)^   ^.3 

^r(r-l)(r-2)(r^3)(r-4)^^,.,_  ^^^^ 

the  last  term  being  ( -  )^'"^%rn,  or  J(  -  f^'%B^r^i)n^  accord- 
ing as  r  is  even  or  odd. 

This  fonnula  was  first  giyen  by  James  Bernoulli  {Ars  Conjedandi,  p.  97, 
published  posthumously  at  Basel  in  1713).  He  gave  no  general  demonstra- 
tion ;  but  was  quite  aware  of  the  importance  of  his  theorem,  for  he  boasts 
that  by  means  of  it  he  calculated  intra  aemi-qtuuiraTilem  harm  /  the  sum  of 
the  10th  powers  of  the  first  thousand  integers,  and  found  it  to  be 

91,409,924,241,424,248,424,241,924,242,600. 

It  will  be  a  good  exercise  for  the  reader  to  check  Bernoulli's  result* 


SUMMATION   OF  SERIES   BY  MEANS  OF  THE  EXPONENTIAL 
THEOREM. 

§  8.]  Among  the  series  which  can  be  summed  by  means  of 
the  Exponential  Series,  two,  related  to  it  in  the  same  way  as  the 
series  of  chap,  xxvii.,  §  5,  are  related  to  the  Binomial  Series, 
deserve  special  mention. 

00 

JFe  can  always  mm  the  series  2<l>r(n)x^/n !,  where  ^{n)  is  an 
integral  function  of  n  of  the  rth  degree,     (Integro-ExponevUial  Series.) 

*  For  farther  information  regarding  Bernoulli's  numbers,  see  Boole's 
Finite  DifferenceB  (ed.  by  Monlton) ;  and,  for  a  useful  bibliography  of  the 
relative  literature,  Ely,  Am.  Jour.  Math.  (1882.) 

VOL.  II  P 
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For,  as  in  chap,  xxvii.,  §  5,  we  can  always  establish  an  identity 
of  the  form 

<^(n)  =  Ao  +  A,n  +  A^n(n  -  1)  +  .  .  .  +  A,.w{n  -  1) .  .  ,  (n  -  r  +  1). 
Then  we  have,  taking,  for  simplicity  of  illustration,  the  lower 
limit  of  summation  to  be  0, 

0     n\  on!  i{n-l)l  2(n-2)\ 

+  A^t2  

r(n-r)! 
=  (Ao  +  AjiB  +  Agjr  +  .  .  .  +A^)6*. 

00 

Cor.  /F«  can  in  general  sum  the  series  ^^(n)x^ln\{n  +  a)(n  +  h) 
.  .  .  (n  +  A),  w^re  a,  ft,  .  .  . ,  k  are  unequal  positive  integers. 

The  process  is  the  same  as  that  used  in  the  corollary  of 
chap,  xxvii.,  §  5,  only  the  details  are  a  little  simpler.  (See 
Example  5,  below.) 

Example  1.  To  deduce  the  formulas  (S),  (4),  (5)  of  chap,  xxvii.,  §  9,  by 
means  of  the  exponential  theorem. 

(a;+n)'-„Ci(a;+n-l)'+.  .  .  ( - rnCr(sc  +  n - r)*  +  .  .  .  (-)-iC 

is  evidently  the  coefficient  of  2*  in 

s I {c(*+^)*_„Ci «!<'+»-*)•+.  .  .(-)»'«Cr«<*^-')'+ .  .  .  (-)"««»} 
=slc»(e«-l)», 

=  .l{l  +  ^  +  ^^+.  .  .}{l  +  |j4.fj+.  .  .}V, 

The  lowest  power  of  z  in  the  product  last  written  is  s^,  and  the  coefficients 
.  of  z",  2"+^  2"+*  are  si,  s!(a;+in),  Jsl  {a:?+7w;+,Vi(8«+l)}  respectively. 
Henco 

(a:+n)'-nC,(a;+»-l)'+.  .  .  (-)r^Cr(aJ+n-r)'+ .  .  .  (-)"^ 
=0,  if  «<?i; 
=nl,  if  5=n; 

=  (7H-l)!(a;+Jn),  if«=n  +  l; 
=  4(n  +  2)!{a^+na;  +  TV»(3»+l)},if5=n  +  2. 
Example  2.  If  n  and  r  be  positive  integers,  show  that 

^/l  +  _?_^+        |n(>t-l)...(n-»+l)  .!!(?^1)^:_.J^1 

'^\r!+.l!(r  +  l)!''^---+  »!(r+»)!  '»'  +  •••+    „!(r  +  „),     «"/ 

l.n+r+1      ,  .  (n+r  +  l)(n+r+2)  .  .  .  (n+r+»)_  .  , 
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The  right-hand  side  is  the  coefficient  of  a^  in 

=  (z+a:)"e^, 
Now  the  coefficient  of  2**+^  in  this  product  is 


-.a;+  . 


Irr  l!(r+l)! 
Hence  the  theorem. 

If  we  put  r=0,  and  x=l,  we  have 
«+l     (n+l)(n  +  2) 
"^Tl!?"^ (2!?"    +•  •  •  ad« 


^n(n-l) 
n 


!(r+n)l        / 


"'^'■^(l  !)»"*"    (21)3    ■*■ 


n(n- l)...l 


( 
ad  00. 


11-.^  I. 


Example  3.  Sum  the  series 

Ti'+-2r'"--  •  •+ ;n »^+ 

We  have  (hy  chap.  xx. ,  §  7) 
l»+2»+  .  .  .  +?i*  =  (n*+2?i»+n»)/4, 

=  J  { Ao+ Ai»+ Aa»(n- 1)  +  A|fi(n  - 1)  (n  -  2)  +  A4»(n- 1)  (71- 2)  (71- 8)} , 


where  Ao,  Ai, 

+  1 
+  2 
+  3 

Hence 


,  A4  may  be  calculated  as  follows : — 
A<,=  0, 


1+  2+    1+  0  +  |0 
0+  1+     3+  4 


1+  3+     4  +  |4 
0+  2+  10 


1+  5  +  |14 
0+  8 


1  +  |8 


Ai=  4, 
A,=  14, 
Aj=  8,    A4=l. 


n!  (»-l)»^2 


.^=^S,^4^,^^2a^S.^4.i:^S;^" 


(n-2)! 
=  (a; + ia? + 2x» + }«*)«*. 
If  we  put  «=1,  we  have 

2(l8  +  2»+.  .  .  +w»)/?i!=27«/4. 

n=oo 

Example  4.  Show  that  Z  v?ln\-^e. 
»=l 

Since  n«=  »  +  Zn{n  - 1) + n(n  - 1)  (n  -  2), 

S»>!=21/(n-l)!  +  3Sl/(n-2)!  +  Sl/(n-8)!, 

=  5<r. 


(»-8)!    4        (n-4)! 
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Example  5.  Evaluate  S(n  - 1  )aj"/(?i  +  2)n  I . 

1 

(7i-l)g"^l     (n»-l)af>+» 

(»+2)n!    a?       {n+2)\    ' 
Now  n»-l=3-8(n+2)  +  (n+2)(»+l). 

Therefore 

?(;rj:2j;r!=?  1  ®?(^rf2j;-»^(;m)"!  -^^T^T!  1 » 

=  {3(^-1 -a;-ia?)-3a:(e*-l-a;)+a?(a*-l)}/a!», 
=  {(a;»-8a:  +  3)««+(la?-3)}/aj>. 

EXBBCISES   XII. 

(1.)  Evaluate  1/c  to  six  places  of  decimals. 

(2.)  Calculate    a;    to    a    second    approximation    from    the    equation 
50log.(l+a5)=49aj. 

(3.)  If  «'=l+a»*',  and  «*  be  negligible,  show  that 

A=l/2!+a;/4!-jc»/4I6!. 
(4.)  Show  that,  if  n  be  any  positive  integer, 

(l-l/n)-»>  1  +  1/1 1  +  1/21  +  .  .  .+l/n!>(l  +  l/7i)-. 
(6.)  Sum  from  0  to  «  2(1  -  37i+n*)a^/n !. 

Sum  to  infinity 

(6.)  1V2!  +  2V3!+874I+.  .  .     . 
(7.)  l»/2!  +  2»/3I  +  3V4!+.  ... 
(8.)  l-2>/l!  +  3V2!-4V3!+  .... 
(9.)  l*  +  2*/2!  +  3V8I+.  .  .     . 

Show  that 
(10.)  l/(2»)!-l/lI(2n-l)!  +  l/2!(2«-2)l-.  .  . -l/l!(2n-l)!  +  l/(2n)!=0. 
(11.)  Ifn>8,  n»+„C(n-2)»+nC4(n-4)»+.  .  .  =n2(n+8)2*-*. 
(12.)  n«-nCi(»-2)»+nC2(n-4)"-  .  .  .  =2"»!. 

(18.)  By  expanding  «i/(^-*),  or  otherwise,  show  that,  if 

A  =*2*(n+r-l)!/n!(»-l)!,  then  AH-i-(2r+l)A,+r(r-l)A^i=0. 
^    »=1  (Math.  Trip.,  1882.) 

(14.)  Prove  that 
(aj-a?/3!+aJ^/5!-.  .  .)(1 -a!»/2!+ar*/4!-  .  .  .  )=S(- )^>a:»H-i/(2r+l)! . 
(15.)  Solve  the  equation  a;'-aj-l/n=0  ;  and  show  that  the  «th  power  of 
its  greater  root  has  e  for  its  limit  when  n= oo  . 
(16.)  For  all  positive  integral  values  of  n 

<"•>  "a  a  a- 

,f=A,+f^{x-l)+f^^x-l){x-i)+.  .  .+^^{x-^){x-2)...{x-n). 

show  that  A.=(»+l)»-.Cis"+.Cj(»-l)»-.  .  •  (-j'.C.l-. 
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(18.)  Show  that  l(n»+2»«+n-l)/»I=9«+l. 

(19.)  Sum  S(n+a)(»+6)(n+c)aj"/»I  from  n=0  to  »=oo. 
(20.)  Show  that  e  cannot  be  a  root  of  a  quadratic  equation  having  finite 
rational  coefficients. 

(21.)  Sum  the  series  Za^/(n+3)n!  from  7i=0  to  n=Qo. 

(22.)  Sum  to  infinity  the  series  lV3.1!  +  8V4.21  +  5»/5.8!+.  .  .    . 

If  Bi,  Ba,  .  .  . ,  Bn  denote  Bernoulli's  numbers,  show  that 

(23.)  sH-iCan-i  B»  -  ft.+iCj„-3  B»-i  +  .  .  .  ( -  )»-WiCi  Bi=  ( - 1)-'.     ' 

(24.)  ^,C^B.->=±^-^=l+.  .  .(-)-i*^gJ??  =  (-)n-i^. 

(26.)  J^CiBi-JnCsBa+inCsBs-.  .  .  =(n-l)/2(»+l),  the  last  term  on 
the  left  being  ( -  )***'*^B«/s,  or  J(  -  )*^*"  *^nB{n-i)/a,  according  as  n  is  even  or  odd. 

(26.)  By  comparing  Bernoulli's  expression  for  l''+2'+.  .  ,+n^  with  the 
expressions  deducible  from  Lagrange's  Interpolation  Formula,  show  that 


S    (-)'-ViC*^=(-)'^'B,; 


2 

1 


Also  that 


T< ->'"*'' w)=<-)'-'B- 


(Eronecker,  Crelle'sJour,,  Bd.  Ixxxiv. ;  1887.) 
(27.)  a<e«-c-*)/(e«+r-«)  =  ^(2«-l)2V  +  ^(2*-l)2V  +  2|(2«-l)2V  +  .  . 


LOGARITHMIC  SERIES. 

§  9.]  Expansion  of  log  {I  +  a;). — It  is  obvious  that  no  function 
of  X  which  becomes  infinite  in  value  when  x  =  0  can  be  expanded 
in  a  convergent  series  of  ascending  powers  of  x.  For,  if  we 
suppose 

f{x)  =  Ao  +  A,a;  +  A^  +  .  .  ., 

then  on  putting  x^O  we  have  oo  =Ao;  and  the  attempt  to 
determine  even  the  first  coefficient  fails. 

There  can  therefore  be  no  expansion  of  log  a;  of  the  kind 
mentioned. 
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We  can,  however y  expand  log{l  +x)  in  a  series  of  ascending 
powers  of  x  provided  x  be  numerically  less  than  uniiy. 

The  base  in  the  first  instance  is  understood  to  be  «  as  usual. 

By  §  4,  we  have 

(1  +  a;)^  =  1  +  z^og  (1  +  x)}  +  ^•{log  (1  +  x)Yj2 !  + .  .  .    (1) ; 
and  this  series  is  convergent  for  all  values  of  z. 

Again,  by  the  binomial  theorem,  we  have,  provided  the 
numerical  value  of  x  be  less  than  1, 

{\-¥xY=\+zx  +  z{z-'\yi2\  +  z{z-\){zr-2)x^lZ\^-,  .  ., 

=  \+zx-z{\-  z/iy/2  +  z{l  -  z/l){l  -  z/2)xy3  +  . . .  (2). 
If  we  arrange  this  as  a  double  series,  we  have 
(1  +  a;)^=l  +  zx^{zxy2^^x'/2}  +  {«c'/3-(l  +  JKai'/S  +  J/a;'/3}  + 

(3), 

where  n-iPr  stands  for  the  sum  of  all  the  r-products  of  1/1, 
1/2,  .  .  .,  l/(n-  1),  without  repetition. 

In  order  that  Cauchy's  criterion  for  the  absolute  convergency 
of  the  double  series  (3)  may  be  satisfied,  it  will  be  sufficient  if 
the  series 

^"/^  +  »-iPi  «V/n  +  .    :    .  +  n-iPn-i  ^''^''In  (4) 

and 

l+zx-^z{l+  z/iy/2  ■hz(l+  z/l){l  +  z/2)x'/3  + .  .  .    (5) 

be  both  convergent  when  z  and  x  are  positive. 

Now  the  sum  of  (4)  is  always  z{z+l) , , .  (z  +  n-  l)x'^/nl; 
and  this  has  0  for  its  limit  when  n  =  oo ,  provided  x<l.  Also, 
the  series  (5)  is  absolutely  convergent  when  x<\. 

Hence,  by  chap,  xxvi.,  §  34,  we  may  rearrange  the  series  (3) 
according  to  powers  of  z,  and  it  will  still  converge  to  (1  +  xy. 

Confining  our  attention  to  the  first  power  of  z,  for  the 
present,  we  thus  find 

(l+x)^=l+{a:/l-a;72  +  a^/3-.  .  ,}z-r.  .  .         (5). 

Now,  since  there  can  only  be  one  convergent  expansion  of 
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{l+xY  in  powers  of  z,  the  series   in  (1)  and  (5)  must   be 
identical.     Therefore 

log(l+a;)=a;/l-a:'/2  +  fl:»/3-.  .  .  (-)»-ia;V^  +  .  .  .    (6). 
The  series  on  the  right  of  (6)  is  usually  called  the  logarithmic 
series.     It  is  absolutely  convergent  so  long  as  -  1  <a; <  1,  and  it 
is  precisely  under  this  restriction  that  the  above  demonstration 
is  valid. 

If  we  put  x=l  on  the  right  of  (6),  we  get  the  series 
1/1  -  1/2  +  1/3  -...(-  l)'*'Yw  + .  .  .,  which  is  semi-conver- 
gent. Hence,  by  Abel's  Theorem  (chap,  xxvi.,  §  20),  equation 
(6)  will  still  hold  in  this  case ;  and  we  have 

log2  =  l/l-l/2  +  l/3-.  .  .  +  (-l)^-Vn  +  .  .  .     (7), 
provided  the  order  of  the  terms  as  written  be  adhered  to. 

If  we  put  z=  -  I  in  (6),  the  series  becomes  divergent  It 
diverges,  however,  to  -  oo ;  so  that,  since  log  0  =  -  oo ,  the 
theorem  still  holds  in  a  certain  sense. 

Cor.  If  we  arrange  tlie  coefficients  of  the  remaining  powers  of  z 
in  (6),  and  compare  with  (1),  we  find 
{log(l+ir)r=2!{,P,af/2-.P,:.73  +  .P,xV4-.  .  .}, 

{log(l  +a;)}»  =  n!{n_.Pn-.x'Vn.„P„.,a;«+V(«+  1) 

+  n+.Pn-ia;'»+V(n  +  2)-.  .  .}     (8). 

These  formula)  and  the  above  demonstration  are  given  by 
Cauchy  in  his  Analyse  Algehriqae. 

§  10.]  A  variety  of  expansions  can  be  deduced  from  the 
logarithmic  theorem.  The  foUowing  are  some  of  those  that 
are  most  commonly  met  with  : — 

We  have 
log(l+a;)  =  a;/l-a;'/2  +  a?/3-.  .  .  ( -)«-ia^/»  +  .  .  .; 
also 

log(l-ir)=  -a;/l-a:'/2-a;73-.  .  .-x^jn-.  .  .     . 

Hence,    by   subtraction,    since    log  (1  +  a;)  -  log  (1  -  a;)  =  log 
{(1  +  x)j{\  -  a;)},  we  deduce 
log{(l  +  a;)/(l  -a;)}  =  2{a:/l  +  aj"/3  +  . . .  +  7?^^l{2n^\)  + . . .}  (9).    ' 
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Putting  in  (9)  y  =  (l  +«)/(!  -ar),  and  therefore  x  =  (y-l)/ 
(y+1),  we  get 

(10). 
an  expansion  for  logy  (but  not,  be  it  observed,  in  powers  of  y) 
which  will  be  convergent  if  y  be  positive — the  only  case  at 
present  in  question. 

Again,  since  1  +  a:  =  a:(l  +  1/x),  and  log  (!+«)  =  log  x  +  log 
(1  +  1/a:),  putting  in  (10)  y=  1  +  l/ic,  so  that  (y-  l)/(y  +  1)  = 
ll{2x  +  1),  we  have 

log  (1  +  x)  =  logo;  +  2  { l/l(2a:  +  1)  +  l/3(2a;  +  1)"  +  .  .  . }     (11). 

Finally,  since  x  +  1  =a;*(l  -  l/3f)/{x  -  1), 

log(a;+  1)  =  21oga;-log(a;-  1) 

-2{l/l(2a^-l)  +  l/3(2a:'-l)»+  .  .  .}     (12). 

If,  in  any  of  the  above  formulae,  we  wish  to  use  a  base  a 
different  from  «,  we  have  simply  to  multiply  by  the  "  modulus  " 
l/log«a  (see  chap,  xxi.,  §  9).  Thus,  for  example,  from  (10)  we 
derive 


ON  THE  CALCULATION  OF  LOGARITHMS. 

§  11.]  The  early  calculators  of  logarithms  largely  used 
methods  depending  on  the  repeated  extraction  of  the  square 
root  This  process  was  combined  with  the  Method  of  Differences, 
which  seems  to  have  arisen  out  of  the  practical  necessities  of  the 
Logarithmic  Calctdator.* 

*  See  Glaisher,  Art.  "Logarithms/'  Encydoptedia  Britannia^  9th  ed., 
from  which  much  of  what  follows  is  taken. 
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Thus,  Briggs  used  the  approximate  formula 

log,,2  =  (2^*^'- 1)2710  log,10, 

depending  on  the  accurate  formula 

L(a^-l)/2;  =  log^, 
2=0 

which  we  have*  akeady  established  in  the  chapter  on  Limits, 
and  which  might  readily  be  deduced  from  the  exponential 
theorem.  The  calculation  of  logio2  in  this  way,  therefore,  in- 
volved the  raising  of  2  to  the  tenth  power  and  the  subsequent 
extraction  of  the  square  root  47  times ! 

Calculations  of  this  kind  were  infinitely  laborious,  and  nothing 
but  the  enthusiasm  of  pioneers  could  have  sustained  the  calcu- 
lators. If  it  were  necessary  nowadays  to  calculate  a  logarithmic 
table  afi*esh,  or  to  calculate  the  logarithm  of  a  single  number  to 
a  large  number  of  places^  some  method  involving  the  use  of 
logarithmic  series  would  probably  be  adopted. 

The  series  in  §  10  enable  us  to  calculate  fairly  rapidly  the 
Napierian  Logarithms  of  the  small  primes,  2,  3,  5,  7. 
Thus,  putting  y  =  2  in  (10)  we  have 

log2  =  2{l/1.3  +  l/3.3*+l/5.3*+  .  .  . }. 
The  calculation  to  nine  places  may  be  arranged  thus  : — 


1/3 

1/3' 

1/3* 

1/3' 

1/3' 

1/3" 

1/3" 

1/3" 

1/3" 


•333,333,333 

37,037,037 

4,115,226 

467,247 

50,805 

5,645 

627 

70 

8 


^1} 
1/3 

1/5 

1/7 

19 


.3 

.3' 

.3* 

.3' 

.3' 


1/11.3" 
1/13.3" 
1/15.3" 
1/17.3" 


•333,333,333 

12,345,679 

823,045 

65,321 

5,645 

513 

48 

5 

0 


•346,573,589 
2 


±4 
T8 


•693,147,178 

By  the  principle  of  chap,  xxvi.,  §  30,  the  residue  of  the  series 
is  less  than 

{l/19.3"}/(l-i), 
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that  is,  less  than  '000,000,000,06 ;  and  the  utmost  error  from 
the  carriage  to  the  last  line  is  ±  4.  The  utmost  error  in  our 
calculation  is  ±  8.  Hence,  subject  to  an  error  of  1  at  the  utmost 
in  the  last  place,  we  have 

log  2  =  -693,147,18. 

Having  thus  calculated  log  2,  we  can  obtain  log  3  more 
rapidly  by  putting  a;  =  2  in  (11).     Thus 

log  3  =  log  2  +  2{1/1 .  5  +  1/3 .  5»  +  1/5 .  5*  +  .  .  . }. 

Knowing  log  2  and  log  3,  we  can  deduce  log  4  =  2  log  2,  and 
log  6  =  log  3  +  log  2.     Then,  putting  a;  =  4  in  (12),  we  have 

log5  =  21og4-log3-2{l/31  +  l/3.31»+  .  .  . }. 

Also,  putting  ic=  6  in  (12),  we  have 

log7  =  21og6~log5-2{l/71  +  l/3.71'+  .  .  . }. 

It  will  be  a  good  exercise  in  computation  for  the  student  to 
calculate  by  means  of  these  formulae  the  Napierian  Logarithms 
of  the  first  10  integers.  The  following  table  of  the  results  to 
ten  places  will  serve  for  verification  : — 

No.  Logarithm. 


1 
2 
3 
4 
§ 
6 
7 
8 
9 
10 


0-000,000, 
0-693,147, 
1-098,612, 
1-386,294, 
1-609,437, 
1-791,759, 
1-945,910, 
2-079,441, 
2-197,224, 
2-302,585. 


000,0 

180,6* 

288,? 

361,1 

912,4 

469,2 

149,1 

541,7 

577,3 

093,6 


From  the  value  of  log^lO  we  deduce  the  value  of  its  re- 
ciprocal, namely,  M= -434,294,481,903,251 ;  and,  by  multiply- 
ing by  this  number,  we  can  convert  the  Napierian  Logarithm  of 

*  6  means  that  the  10th  digit  has  been  increased  by  a  unit,  because  the 
11th  exceeds  i. 
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any  number  into  the  ordinary  or  Briggian  Logarithm,  whose  base 
is  10. 

Much  more  powerful  methods  than  the  above  can  be  found 
for  calculating  log  2,  log  3,  log  5,  log  7,  and  M. 

By  one  of  these  (see  Exercises  XIII.,  2,  below)  Professor 
J.  C.  Adams  has  calculated  these  numbers  to  260  places  of 
decimals. 

§  12.]  The  Factor  Method  of  calculating  Logarithms*  is  one  of 
the  most,  powerful,  and  at  the  same  time  one  of  the  most 
instructive,  from  an  arithmetical  point  of  view,  of  all  the  methods 
that  have  been  proposed  for  readily  finding  the  logarithm  of  a 
given  number  to  a  large  number  of  decimals. 

This  method  depends  on  the  fact  that  every  number  may,  to 
any  desired  degree  of  accuracy,  be  expressed  in  the  form 

io-^p,l{i  -p,/io){\  -Wio'Xi  -Wio')  •  •  •        (IX 

where  ^o,  i?i,  p„  .  .  .  each  denote  one  of  the  10  digits,  0,  1, 
2,  .  .  . ,  9,  |?o  being  of  course  not  0. 

Take,  for  example,  314159  as  the  given  number.  First 
divide  by  10*.  3,  and  we  have 

3-14159  =  10*.  3.  1047,196,666,666  .... 

Next  multiply  1-047,196,666,666  by  1  -  4/10',  that  is,  cut 
off  two  digits  from  the  end  of  the  number,  then  multiply  by  4 
and  subtract  the  result  from  the  number  itself.  The  effect  of 
this  will  be  to  destroy  the  first  significant  figure  after  the 
decimal  point     We  have  in  fact 

1-047,196,666,666  x  (1  -  4/10*)=  1-005,308,800,000. 

Next  multiply  1  005,308,800,000  by  1-5/10',  and  so  on 
till  the  twelve  figures  after  the  point  are  all  reduced  to  zero.  The 
actual  calculation  can  be  performed  very  quickly,  as  follows  : — 

*  For  a  full  history  of  this  method  see  Glaisher's  article  above  quoted ; 
or  the  Introduction  to  Gray's  Tables  for  the  Formation  of  Logarithms  and 
Anii-LogarUhma  to  Tiventy-four  Places  (1876). 
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1-047,196,666,6166 
4  1,  8  8  7,  8  6  6,  6  6  6 


5,  3  0  8,  8  0  0,10  0  0 
5,0.2  6,5  4  4,00  0 


2  8  2,  2  516, 0  0  0 
2  0  0,  0  5  6,  4  5  1 


4/10' 


5/10" 


2/10* 


8  2,119  9,5  49 
8  0,  0  0  6,  5  7  6 


2,11  9  2,  9  7  3 
^0  0_0,_0_0_4 
119  2,9  6  9" 
1  0  0,  0  0  0 


8/10* 


I/IO* 


1/10' 


9  2,  9  6  9      9/10",  2/10',  9/10'',  6/10",  9/10". 

The  remaining  factors  being  obvious  without  farther  calcula- 
tion.    Hence  we  have 
314159  X  (1  -  4/10')(l  -  5/10')  ...  (1  -  9/10") 

=  10\3(l+a;/10"),  a;>9. 

Therefore 

314159  =  10*.  3(1  +  a;/10^')/(l  -  4/10^)  (1  -  5/10')  ...  (1  -  9/10") 

(2). 
Since  log(l  +a;/10")<a;/10",  it  follows  from  (2)  that,  as  far 
as  the  twelfth  place  of  decimals, 

log  314159  =  5  log  10  +  log  3  -  log  (1  -  4/10*)  -  log  (1  -  5/10') 

-  log  (1  -  2/10*)  -  log  (1  -  8/10*)  -  log  (1  -  2/10*) 

-  log  (1  -  1/10')  -  log  (1  -  9/10')  -  log  (1  -  2/10*) 

-  log  (1  -  9/10")  -  log  (1  -  6/10")  -  log  (1  -  9/10"). 

All,  therefore,  that  is  required  to  enable  us  to  calculate 
log  314159  to  twelve  places  is  an  auxiliary  table  containing  the 
logarithms  of  the  first  10  integers,  and  the  logarithms  of  1  -p/lO^ 
for  all  integral  values  otp  from  1  to  9,  and  for  all  integral  values 
of  r  from  1  to  1 2.  To  make  quite  sure  of  the  last  figure  this 
auxiliary  table  should  go  to  at  least  thirteen  places. 

§  13.]  It  should  be  noticed  that  a  method  like  the  above  is 
suitable  when  only  solitary  logarithms  are  required.  If  a  com- 
plete table  were  required,  the  Method  of  Differences  would  be 
employed  to  find  the  great  majority  of  the  numbers  to  be  entered. 
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A  full  discussion  of  this  method  would  be  out  of  place  here;* 
but  we  may,  before  leaving  this  part  of  the  subject,  give  an 
analytical  view  of  the  method  of  interpolation  by  First  Differ- 
ences, ah*eady  discussed  graphicaUy  in  chap.  xxi. 
We  have 

logio(aJ  +  A)  -  logjoJc  =  log,o(l  +  h/x) 

=  U{h/x^i{hlxy^i(hlxy-.  .  .}       (1). 

Hence,  if  h<x,  we  have  approximately 

log,o(«  +  h)-  logjofc  =  Wi/x  (2), 

the  error  being  less  than  §M(A/a;)*. 

The  equation  (2)  shows  that^  if  ^M(^/x)'  do  not  affect  the 
nth  place  of  decimals,  then,  so  long  $is  h^ky  the  differences  of 
the  values  of  the  function  are  proportional  to  the  differences  of 
the  values  of  the  argument,  provided  we  do  not  tabulate  beyond 
the  nth  place  of  decimals. 

Take,  for  example,  the  table  sampled  in  chap,  xxi.,  where  the  numbers 
are  entered  to  five  and  the  logarithms  to  seven  places.  Suppose  2=80000 ; 
and  let  us  inquire  within  what  limits  it  would  certainly  be  safe  to  apply  the 
rule  of  proportional  parts.    We  must  have 

i  X  •4348(A/80000)»  <  S/IO^, 
if  the  interpolated  logarithm  is  to  be  correct  to  the  last  figure,  that  is, 

A<8V2804, 
<14. 

It  would  therefore  certainly  be  safe  to  apply  the  rule  and  interpolate  to 
seven  places  the  logarithms  of  all  numbers  lying  between  80000  and '80014. 
This  agrees  with  the  fact  that  in  the  table  the  tabular  difference  has  the 
constant  .value  144  within,  and  indeed  beyond,  the  limits  mentioned. 


SUMMATION  OF  SERIES  BT  MEANS  OF  THE  LOGARrFHMIC 
SERIES. 

§  14.]  A  great  variety  of  series  may,  of  course,  be  summed 
by  means  of  the  Logarithmic  Series.  Of  the  simple  power  series 
that  can  be  so  summed  many  are  included  directly  or  indirectly 
under  the  following  theorem,  which  stands  in  the  same  relation 

*  For  sources  of  information,  see  Glaisher,  l.c,  , 
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to  the  logarithmic  theorem  as  do  the  theorems  of  chap,  xxvii.,  §  5, 
'  and  chap,  xxviii.,  §  8,  to  the  binomial  and  exponential  theorems: — 

The  series  whose  general  term  is  (f)(n)x^/(n  +  a)  (n  +  i) . . . 
{n  +  k\  where  <^(n)  is  an  integral  fimction  of  n,  and  a^b,  .  .  .,  hare 
positive  or  negative*  unequal  integers,  can  always  he  summed  to  infinity 
provided  the  series  is  convergent. 

It  can  easily  be  shown  that  the  series  is  convergent  provided 
X  be  numerically  less  than  unity,  and  divergent  if  a?  be 
numerically  greater  than  unity. 

If  the  degree  of  <^(n)  be  greater  than  the  degree  of  (n  +  a) 
(n  +  b) , , .  {n  +  k)f  the  general  term  can  be  split  into 

\f{n)3^  +  x(n)aJ»/(n  +  a)(n  +  b)  . .  .(n  +  k)  (1), 

where  ^n)  and  x(^)  ^^^  integral  functions  of  n,  the  degree  of 
the  latter  being  less  than  the  degree  oi  (n  +  a)(n  -\-  b) , . .  (n  +  k). 

Now  2^n)aJ^  is  an  integro-geometric  series,  and  can  be 
summed  by  the  method  of  chap,  xx.,  §  13. 

By  the  method  of  Partial  Fractions  (chap,  viii.)  we  can 
express  x{n)/{n  +  a) {n  +  b) .  ..(n  +  k)  in  the  form 

A/(n  +  a)  +  B/(n  +  b)  +  .  .  .  +  K/(n  +  k), 

where  A,  B,  .  .  .,  K  are  independent  of  n.  Hence  the  second 
part  of  (1)  can  be  split  up  into 

Aic»/(n  +  a)  +  Rif /(w  +  6)  + .  .  .  +  Ka;^/(n  +  fc)       (2); 

and  we  have  merely  jbo  sum  the  series 

A2a^/(fi  +  a),     B2aJ~/(w  +  6),     .  .  .,     KIx'^/(n  +  k)  (3). 

Now,  supposing,  for  simplicity  of  illustration,  that  the  sum- 
mation extends  from  n=lton=oo,we  have 

A2a;'»/(n  +  a)  =  Aa; "  »2a;«+»/(n  +  a), 
1  1 

=  -  Az-^ix/l  +7f/2  +  ,.,  +  7f'/a-h log(l  - x)}  (4). 

Each  of  the  other  series  (3)  may  be  summed  in  like  manner. 
Hence  the  summation  can  be  completely  effected. 

*  When  EDy  of  the  integers  a,  5,  .  .  .,  X;  are  negative,  the  method  re- 
quires the  evaluation  of  limits  in  certain  cases. 
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If  a;  =  1,  the  series  under  consideration  will  not  be  convergent 
unless  the  degree  of  <^(n)  be  less  than*  the  degree  of  (n  +  a) 
(n  +  6) . . .  (n  +  k).  It  will  be  absolutely  convergent  if  the 
degree  of  <^n)  be  less  than  that  of  (n  +  a)  (n  +  6) . . .  (n  +  k)  by 
two  units.  If  the  degree  of  <f){n)  be  less  than  that  of  (n  +  a) 
(n-\-b) . . .  (n  +  k)  by  only  one  unit,  then  the  series  is  semi- 
convergent  if  the  terms  ultimately  alternate  in  sign,  and  divergent 
it  they  have  ultimately  aU  the  same  sign. 

In  all  cases,  however,  where  the  series  is  convergent  we  can, 
by  AbeFs  Theorem,  find  the  sum  for  a;  =  1  by  first  summing  for 
x<lf  and  then  taking  the  limit  of  this  sum  when  2;  =  1. 

In  the  special  case  where  <^w)  is  lower  in  degree  by  two 

units  than   (n  +  a) "(»  +  6) . . .  (n  +  k),  and  a,  6,  .  .  .,  ifc  are  all 

00 
positive,  an  elegant  general  form  can  be  given  for  2if>(n)/(n  +  a) 

(n  +  6) . . .  (n  +  k). 

From  the  identity 

4>(n)/{n  +  a)  (n  +  6) . . .  (n  +  k) 

=  A/(7i  +  a)  +  B/(n  +  6)  +  .  .  .+K/(n  +  fc), 
we  have 

<^n)  =  A(n  +  6)(7H-c).  ..(n  +  ^-)  +  B(7i  +  a)(7i  +  c)...  (n  +  ifc)  +  .  .  . 

+  K(7H-  a)  (n  +  6)  . . .  {n  +j)     (6), 
and,  bearing  in  mind  the  degree  of  <^(7i),  we  have 

A  +  B  +  .  .  .  +  K  =  0  (6). 

Also,  putting  in  succession  n  =  -  a,  « =  -  6,  .  .  .,  n  =  -  ifc,  we 
have 

A  =  <^  -  a)/{b  -  a)  (c  -  a) . . .  (ifc  -  a)  \ 

B  =  <K-b)/(a-b){c^h).,,{k^b)l  ^^^ 

K^<f^-k)/{a--k){b-k),..(j--k)) 
Reverting  to  the  general  result,  we  see  from  (4)  that 

'2.^n)3S^I{n  +  a)(n  +  J) . . .  (n  +  ik) 

1 

=  -2Ac-«(a;/l+a^/2  +  .  .  . +a;«/a) -log(l -a;).2Ac-«  (8), 

where  the  2  on  the  right  hand  indicates  summation  with  respect 
to  a,  &,  .  .  .,  h 
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Now,  since  A  +  B  +  .  .  .+K  =  0,  2Aaj"*  is  an  algebraical 
function  of  x  which  vanishes  when  x=l.  Also  1-x  is  an 
algebraical  function  of  x  having  the  same  property.  Therefore, 
by  chap,  xxv.,  §  17,  we  have 

Llog(l-ir).2Ar-«=  L  log{(l -a;)^-}, 

x=l  x=l 

=  logl, 

=  0. 
Hence,  taking  the  limit  on  both  sides  of  (8),  we  have,  by  AbeFs 
Theorem, 

'2<^n)/(n  +  a)(n  +  6) . . .  (n  +  jfe)  =  -  2A(1/1  +  1/2  +  .  .  .  +  1/a), 

the  2    on  the    right    denoting    summation   with    respect  to 
0,  ft,  c,  .  .  .,  k. 

00 

Example  1.  Evaluate  Im^jf'lin  - 1)  (n + 2). 
2 

We  have      n«a-»/(n-l)(n+2)=(«-l)aj»+M(«-l)+iaj"/(n  +  2). 

Now  '     S(»-l)aJ*=la?+2a!»+8a;*  +  .  .  ., 

s 

(l-ic)«2(n-l)«»=la?+2a!»+8a;*+.  .  . 

2 

-2.1a»-2.2a^-.  .  . 
+  laj*  +  .  .  .. 

Hence  S(n  -  l)aJ»=aj»/(l  -  a;)«. 

2 

Alao  ilof /(n  - 1)  =  ia;Saf-V(w  - 1), 

2  2 


=  -i«log(l-a;); 

=  |ar22a!^V(n+2; 

=  ~ia:-«{ar/l+a:»/2+x»/3+log(l  -a;)}. 


f2aj"/(n + 2)  =  far^Zaf^VCn + 2), 

2  2 


Hence  the  whole  sum  is 

a!»/(l  -  «)«  -  f ar*  - 1  -  faj  -  l(aj + 8ar«)  log  (1  -  »). 

00 

Example  2.  Evaluate  Zl/(n  - 1)  (n+ 2). 

2 

By  the  same  process  as  before,  we  find 

2a»/(n  - 1)  (n + 2) = Jari  +  i  +  ijB  +  i(a:-' -  a;)  log  (1  -  jr). 

2 
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Now,  since  L  (l-af  *-'=:l  (chap,  xxv.,  §  17),  L  {^^-x)log(l-x)  =  0, 
x=l  x=l 

Therefore  21/(n-l)(«+2)  =  i  +  i  +  HH- 

8 

This  result  might  be  obtained  in  quite  another  way. 

It  happens  that  21/(n -l){n-\-2)  can  be  summed  to  n  terms.     In  fact,  we 
have 

l/(w-l)(n+2)=i{l/(»-l)-l/(»+2)}. 
Hence,  since  tl^e  series  is  now^  finite  and  commutation  of  terms  therefore 
permissible, 

8|l/(».l)(n4.2)  =  J  +  i  +  |-f.  .  .  + J-^  +  ^g  +  ^^-f^ 

_1_  __1 1 1 1_ 

4    '■'     n-4    ?t-3"w-2    n-1 

_1__1 1 

7i    »  +  i~w  +  2' 

l"^2    8    71    M  +  1     »  +  2' 
Hence,  taking  the  limit  forn= oo ,  we  have 

•        2     8\i     2"*"37""18' 
Example  3.  To  sum  the  series 

(Lionnet,  Nouv.  Ann.,  sor.  iL,  t.  18.) 

Let  the  (n+l)th  term  be  i^,,  then,  since  u^^  =0,  association  is  pei-mitted 
(see  chapter  xxvi.,  §  7),  and  we  may  write 


^=.— ;-T  + 


4n  +  1^47i  +  3    2n  +  2' 

=   ..L   -     1_+     1      _    J_4.     1      _      ^ 
4/1+1     47t  +  2     47t  +  3     47t  +  4     4w  +  2     4rt  +  4' 

=  (    l,_l     ._J i_UV-^^ ^-) 

~\4n  +  l     471  +  2^471  +  3     471  +  4/^2^271+1     271  +  2/ 
=Vn  +  tOnf  say. 

Now,  as  may  be  easily  verified,  Vn  and  Wn  are  rational  functions  of  7t,  in 
which  the  denominator  is  liighcr  in  degree  than  the  numerator  by  two  units 
at  least.  Hence  (chap.  xxvi. ,  §  6)  Xvn  and  ^Wn  are  absolutely  convergent 
series.    Therefore  (chap,  xxvi.,  §  13) 

2w„=X(rn  +  tt;„), 
0  0 

00  CO 

=  2r„  +  2«v 
0  0 

VOU  II  Q 
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Hence,  again  disaociating  Tn  and  Wn  (as  is  eyidently  pennissible)  we  have 

«        -     11    1^1     11     1 
^^=1-2  +  3-4^5-6  +  7-8-*-  •  • 

1/      11     11    11    1  \ 

+2Vl-2+8"i+5    6+7"8+- ' ') 
= log.2  +  i  log,2,  by  §  9  above, 

=tlog.2. 

This  example  is  an  interesting  specimen  of  the  somewhat  delicate  opera- 
tion of  evaluating -a  semi-convergent  series.  The  process  may  be  described 
as  consisting  in  the  conversion  of  the  semi -convergent  into  one  or  more 
absolutely  convergent  series,  whose  terms  can  be  commutated  with  safety.  It 
should  be  observed  that  the  terms  in  the  given  series  are  merely  those  of  the 
series  1  -  1/2  + 1/8  - 1/4  + 1/5  - .  .  .  written  in  a  different  order.  We  have 
thus  a  striking  instance  of  the  truth  of  Abel's  remark  that  the  sum  of  a  semi- 
convergent  series  may  be  altered  by  commutating  its  terms. 


APPLICATIONS  TO   INEQUALITY   AND   LIMIT  THEOREMS. 

§  15.]  The  Exponential  and  Logarithmic  Series  may  be 
applied  with  effect  in  establishing  theorems  regarding  inequality. 
Thus,  for  example,  the  reader  will  find  it  a  good  exercise  to 
deduce  from  the  logarithmic  expansion  the  theorem,  already 
proved  in  chapter  xxv.,  that,  if  x  be  positive,  then 

X-  l>loga;>  1  -  1/x  (1). 

It  will  also  be   found   that   the  use  of  the  three   funda- 
mental series — Binomial,  Exponential,  and  Logarithmic — greatly 
facilitates  the  evaluation  of  limits.     Both  these  remarks  will  be 
best  brought  home  to  the  reader  by  means  of  examples. 
Example  1.  Show  that 

If  we  put  1  -  l/a;=  1/m,  that  is,  x=ml{m  - 1),  in  the  second  part  of  (1)  above, 
and  then  replace  m  by  m  +  1,  m  +  2,  .  .  .,  n  successively,  we  get 

log  m  -  log  (m  - 1)  >  1/m, 

log  (m+ 1)  -  logm>l/(m+ 1), 


log  w  -  log  (n  - 1 )  >  1/n. 
Hence,  by  addition, 

logn-log(w-l)>l/m  +  l/(m+l)  +  .  .  .  +  !/»  (2). 
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Next,  if  we  put  aj- 1  =  l/w  in  the  fir^t  part  of  (1),  and  proceed  as  before, 
we  get 

log  (m  + 1)  -  logm<  1/m, 
log(w-f2)-log(m  +  l)<l/(m  +  l), 


Hence 


log  ( »  + 1 )  -  log n<  1/ti. 

log(n  +  l)-logm<l/w  +  l/(m  +  l)  +  .  .  .+!/»  (3). 

From  (2)  and  (8), 

log{n/(?»-l)}>l/m+l/(m+l)  +  .  .  .+l/n>log{(n+l)/m}. 

Example  2.  Up  and  q  be  constant  integers,  show  that 

L   {l/m+l/(m  +  l)  +  .  .  .+ll{pm-\-q)}=^logp. 

m=ao  , 

(Catalan,  TraiU  EUmentaire  des  SirieSj  p.  58.) 
Put  n=pm+q  of  last  example,  and  we  find  that 
\og{(pm+q)l{m-l))>l/m  +  ll{m+l)  +  .,,  +  ll{pm+q)>\og{{pm+q+l)lm}. 
Now  L  log  { [pm + q)l{m  - 1) }  =  logp, 

and  L   \og{{pm+q-\-l)lm}—\ogp. 

lffc=ao 

Hence  the  theorem. 

Example  8.  Evaluate  L(c«  -!)«/{»-  log  (1  +  x) }  when  a; = 0. 
Since  (««-l)«=(a;+iaj2  +  .  .  .)*=ar»(l+4a;+.  .  .)^ 

z-log{l+x)=ia^-i3»+  .  .  .  =Jaj»(l-Sa;+.  .  .)• 
Therefore 

(e«-l)V{aj-log(l+a:)}=2(l  +  ia;+.  .  .)Va-i^+-  •  O- 
Since  the  series  with  the  brackets  are  both  convergent,  it  follows  at  once 
that  L(c«-l)V{a-log(l+aj)}=2. 

EZEROISES  XIIL 

(1.)  If  P=l/31  +  1/8.815  +  1/5.81»  +  .  .  ., 

Q=l/49  +  l/3.49»  +  l/5.49»  +  .  .  ., 
R=1/161  +  1/3.161>+1/5.161«+.  .  ., 
then  log  2 = 2(7? + 6Q  +  3R), 

log3=2(llP  +  8Q+5R), 
log6=2(16P+12Q  +  7R). 
(See  Glaisher,  Art  "Logarithms,"  Encij.  Brit.,  9th  ed.) 
(2.)  If    a=- log (1-1/10),    6= -log (1-4/100),     c=log (1  +  1/80),    d= 
-  log  (1  -  2/100),  «= log  (1  +  8/1000),  then  log  2= 7a -26+ 3c,  log  3= 11a -86 
+5c,  log6=16a-46  +  7c,  log7=J(39a-106  +  17c-d)=19a-46+8c+«. 

(Prof.  J.  C.  Adams,  iVoc.  E.S.L. ;  1878.) 
.    (3.)  Calculate  the  logarithms  of  2,  3,  5,  7  to  ten  places,  by  means  of  the 
formula  of  Example  1,  or  of  Example  2. 

(4.)  Find  the  smallest  integral  value  of  «  for  which  (1*01)*  >10x. 
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Sum  the  series : — 

(5. )  2Vl(aj»  -  Zs:y  +  2»/3(a:»  -  3a;)»  +  .  .  . 

(7.)  sci/1.2-ar«/2.8+»»/3.4-.  .  .  (- )-»{C"/»(n  +  l) .  .  . 
(8.)  ar'/3+a^/15+.  .  . +jr»»/(4)i'-l)+ .  .  . 

(9.)  z/l«  +  ar'/(l2  +  2«)+a:3/(l2  +  2»  +  33)  +  .  .  . +aJ"/(l»  +  22+ .  .  .+n»)+.  .  .; 
also  1/12 +  1/(12 +  22)  + 1/(12 +  2H3«)  +  .  ^  , +1/(12  +  22+.  .  ,+n^)+,  .  . 
(10.)  4/1.2.3  +  6/2.3.4  +  8/3.4.6+ .  .  . 

(11.)  If  a;>100,  then,  to  sevon  places  of  decimals  at  least,  log(x  +  8)  = 
2log(a;+7)-log(a:+5)-log(z+3)  +  21oga;-log(a;-3)-log(a;-5)  +  21og(jc-7) 
-log  (a; -8). 

(12.)  Expand  log(l +a;+a^)  in  ascending  powers  of  «. 
(13.)  From  log(z'  +  l)=log(a:+l)+log(ar'-a;+l),  show  that,  if  m  be  a 
positive  integer,  then 

6m-2    (6m - 3) (6m -  4)    (6m -  4) (6m -  5)  (6m -  6) 
2!     ■*■  3!  4!  '^'  '  ' 

(Math.  Trip.,  1882.) 

(14.)  {loge(l+a;)}2  =  2iC»/2-2(l/l  +  l/2)a^/3+.  .  .  ( -  )"2 {1/1  + 1/2  +  .  .  . 
l/(n-  l)}ic"/?i  .  .  .     Does  this  formula  hold  when  a;=l  ? 

(16.)  log(l+a;)»<«(i-'>=-Qi«*/l- 033^/2-.  .  .  -  Qs«-i a;2"/n - .  .  .; 
where  Qjn_i  =  1/1-1/2  +  1/8-.  .  .  +  l/(2n-l). 

(16.)  Ifa;<l.  show  that 
x+Jx2+iaj*+^x»«...=log{l/(l-a;)}-iP,-iP5  +  iP«-fP7-iP9+iVPio...; 
where  Pn=«"+a52»+a^'»+a:''"+a;^*»+  .  .  . ,  and  the  general  term  is  (  -  )"Pii/n, 
unless  71  is  a  power  of  2,  in  which  case  there  is  no  term. 

(Trin.  Coll.,  Camb.,  1878.) 

(17.)  If  c*xtf*'/»xc«*/».  ..=Ao+Aia;  +  .  .  .,  then  Aar=Ajirfi= 1.3.6  .  .  . 
(2r-l)/2.4.6  .  .  .  2r. 

(18.)  U  x+Oifii^+aB^xfii-,  .  .+y+aai/  +  aty^+  .  .  .=  {(ic+y)/(l-ay)}i  + 
<h  {{x + y)/(l  -  icy)} ' + «8  {(« + y)/(l  -  «y)}  *  +  •  .  • ,  for  all  values  of  z  and  y  which 
render  the  various  series  convergent,  find  as,  as,  .  .  . 

Show  that 

(19.)  log  (4/e)  =  1/1.2-1/2.3  +  1/3.4-1/4.6  +  .  .  . 

(20.)  log2  =  4(l/1.2.3  +  l/5. 6. 7+1/9. 10. 11  +  1/13. 14. 15  +  .  .  .)    (Euler.) 
(21.)  (1-1/2 -1/4) +  (1/3 -1/6 -1/8) +  (1/6 -1/10 -1/12)  +  .  .  .=ilog2. 
(See  Lionnet^  Nouv.  Ann,,  ser.  iL,  t  18.) 
(22.)  (ri/l!-?kra/2I  +  »(n-l)(r3/3!-.  .  .  to  w+1  terms  =l/(n+l)»,  where 

<rr= 1/1 +1/2  + 1/3 +  .  .  .  +  l/r.     (Math.  Trip.,  1888.) 

(23.)  e^{l  +  l/7/i)"*  lies  between  6/(27/i+l)  and  «/(29/i+2),  whatever  m  may 

be.    {Nouv.  Ann.,  ser.  ii.,  1. 11.) 

(24.)  L{z/(aj-l)-l/loga;}  =4,  when  x=l,     (Euler,  Inst.  Calc,  Diff.) 
(26.)  L{«*-l-log(l+x)}/x2=l,  whena:=0.     (Euler,  Z.c.) 
(26.)  L{a*-a;)/(l-a;+loga')=  -2,  when  a;=l.     (Euler,  l,c) 
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(27.)  L(l  +  l/»)^/»(l+2/n)i/».  .  .(l+»/n)V»=4/c,  whenn=oo. 

(28.)  L{(2»-1)  !/»*•-! }i/»=4/e»,  when  7i=oo. 

(29.)  e^'>l+x,  for  all  real  values  of  a;. 

(80.)  a5-l>logx>l-l/x,  for  all  positive  values  of  «;  to  be  deduced 
from  the  logarithmic  expansion. 

(31.)  tf»>(l+n)*»/»!,  n  being  any  integer. 

(32.)  If  w  be  an  integer  >«,  then  u*+^>(w+l)". 

(88. )  If  A,  B,  a,  6  be  all  positive,  then  {a  -  6)/(A  -  B)  +  (Aa  -  B6)  log(B/A) 
( A  -  B)>  is  negative.    (Tait. ) 

(34.)  Ifx>y>a,then  {{x+a)l{x-a)}*<{{y+a)l{y-a)}9. 

(36.)  L{l/(n+l)  +  l/(»+2)  +  .  .  .  +  l/2n>=log2,  when  w=oo.    (Catalan.) 

(36.)  log{(n  +  J)/(m-J)}>l/m  +  l/(m+l)  +  .  .  .+l/n>log{(?i+l)/ml. 

(Bouignet,  Notw,  Ann.,  ser.  ii.,  t.  18.) 

(37.)  log3=6/1.2. 8  +  14/4.6. 6+.  .  .  +  (9n-4)/(3?t-2)(3»-l)3n  +  .  .  . 

(38.)  If  l(-y'-^4>{n)l{n+a){n+h) .  .  .  (w+ifc),  where  a,  6,  .  .  .,  ifcare  all 

positive  integers  and  ^(n)  is  an  integral  function  of  ti,  be  absolutely  conver- 
gent, its  sum  is 

S=      2       0(-a){l/a-l/(a-l).  .  .  (-)-4/l}/(6-a)(c-a).  .  .  (fc-a); 
o,  5, . . .,  k 

and,  if  it  be  semi-convergent,  its  sum  is 

S  +  log2       2       (-)'»0(-a)/(6-a)(c-a).  .  .{k-a). 
o,  d, . . .,  fc 

(39.)  Show  that  the  residue  in  the  expansion  of  log  { 1/(1  -  a;) }  lies 
betvTfifin 

a-'+Ml+(n+l)ar/(7i+2)}/(n  +  l) 
and  af»+i{l  +  (7i  +  l)a;/(l-ic)(n+2)}/(n  +  l). 

(40.)  In  a  table  of  Briggian  Logarithms  in  which  the  numbers  are  entered 
to  6  significant  figures,  and  the  mantissse  of  the  logarithms  to  7  figures. 
Calculate  the  tabular  difference  of  the  logarithms  when  the  number  is  near 
80000  ;  and  find  through  what  extent  of  the  table  it  will  remain  constant 
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CHAPTER   XXIX. 

Summation  of  the  Fundamental  Power  Series  for 
Oomplez  Values  of  the  Variable. 

GENERALISATION   OF  THE  ELEMENTARY  TRANSCENDENTAL 
FUNCTIONS. 

§  1.]  One  of  the  objects  of  the  present  chapter  is  to  generalise 
certain  expansion  theorems  established  in  the  two  chapters  which 
precede.  In  doing  this,  we  are  led  to  extend  the  definitions  of 
certain  functions  such  as  a*,  log^a;,  cosa;,  &c.,  already  introduced, 
but  hitherto  defined  only  for  real  values  of  the  variable  x ;  and 
to  introduce  certain  new  functions  analogous  to  the  circular 
functions. 

Seeing  that  the  circular  functions  play  an  important  part  in 
what  follows,  it  will  be  convenient  here  to  recapitulate  their 
leading  properties.  This  is  the  more  necessary,  because  it  is 
not  uncommon  in  English  elementary  courses  so  to  define  and 
discuss  these  functions  that  their  general  functional  character  is 
lost  or  greatly  obscured. 

§  2.]  Definition  and  Properties  of  the  Direct  Circular  Functions. 
Taking,  as  in  chap,  xii.,  Fig.  1,  a  system  of  rectangular  axes,  we  can 
represent  any.  real  algebraical  quantity  ^,by  causing  a  radius  vector 
OP  of  length  r  to  rotate  from  OX  through  an  angle  containing  6 
radians,  counter-clockwise  if  ^  be  a  positive,  clockwise  if  it  be  a 
negative  quantity.  If  (x,  y)  be  the  algebraical  values  of  the  co- 
ordinates of  P,  any  point  on  the  radius  vector  of  6,  then  or/r,  y/r, 
yjx^  x/y,  rjx,  r/y  are  obviously  all  functions  of  0,  and  of  6  alone. 
The  functions  thus  geometrically  defined  are  called  cos  0,  sin  d, 
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tan^,   cot^,    sec^,    cosec^    respectively,    and   are    spoken    of 
collectively  as  the  circular  functions. 

Ail  the  circular  functions  of  one  and  the  same  argument^  6^ 
are  algebraically  expressible  in  terms  of  one  another,  for  theij 
definition  leads  immediately  to  the  equations 


tan  6  =  sin  O/coa  6y     cot  6  =  cos  6 /sin  6 ;  "i 

sec  6  =  1/cos  6,     cosec  0  =  1/sin  6;  V  (1) ; 

cos '^  + sin '^=1,     sec'^-tan*d=l;   J 


from  which  it  is  easy  to  deduce  an  expression  for  any  one  of  the 
six,  cos  6y  sin  6,  tan  $y  cot  6y  sec  0,  cosec  6,  in  terms  of  any  other. 

When  F(^)  is  such  a  function  of  $  that  ¥{-$)  =  F(^),  it  is 
said  to  be  an  even  function  of  0;  and,  when  it  is  such  that 
F(  -  ^)  =  -  F(^),  it  is  said  to  be  an  odd  function  of  0.  For 
example,  1  +  ^  is  an  even,  and  ^  -  J^  is  an  odd  function  of  6. 

It  is  easily  seen  from  the  definition  of  the  circular  functions 
that  cos  6  and  sec  d  are  even,  and  sin  6^  tan  6,  cot  ^,  and  cosec  6 
odd  functions  of  ft 

When  ¥(0)  is  such  that  for  all  values  of  By  ¥(0  +  nX)  =  F(^), 
where  A  is  constant,  and  n  any  integer  positive  or  negative,  then 
F(^)  is  said  to  be  a  periodic  function  of  0  having  the  period  A. 

It  is  obvious  that  the  graph  of  such  a  function  would  consist 
of  a  number  of  parallel  strips  identical  with  one  another,  like  the 
sections  of  a  wall  paper ;  so  that,  if  we  knew  a  portion  of  the 
graph  corresponding  to  all  values  of  0  between  a  and  a  +  A,  we 
could  get  all  the  rest  by  simply  placing  side  by  side  with  this  an 
infinite  number  of  repetitions  of  the  same. 

Since  the  addition  of  ±2v  to  6  corresponds  to  the  addition 
or  subtraction  of  a  whole  revolution  to  or  from  the  rotation  of 
the  radius  vector,  it  is  obvious  that  all  the  circular  functions  are 
periodic  and  have  the  period  2w.  This  is  the  smallest  period, 
that  is,  the  period  par  excellence,  in  the  case  of  cos  6,  sin  $,  sec  6, 
cosec  ft  It  is  easily  seen,  by  studying  the  defining  diagram,  that 
tan  0  and  cot  0  have  the  smaller  period  tt.     Thus  we  have 
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<} 


(2). 


COS  {6  +  2n7r)  =  cos  ^,     sin  {0  +  2m)  =  sin  d, 
sec  (^  +  2nir)  =  sec  ^,     cosec  {d  +  2n7r)  =  cosec  0, 
tan  (^  +  tiTr)  =  tan  6^      cot  (^  +  tjtt)  =  cot  ft 

Besides  these  relations  for  whole  periods,  we  have  also  the 
following  for  half  and  quarter  periods  : — 

cos  (tt  ±  ^)  =  -  cos  By     sin  (ir  ±  ^)  =  ^  sin  0 ; 
cos  (Jtt  ±0)='^:  sin  0y     sin  (Jtt  ±  ^)  =  +  cos  ^ ; 
tan47r±^)=  :FCOt^,     cot(iir±^)=  q:tand;i 
&c., 

all  easily  deducible  from  the  definition. 


(3). 


"We  have  the  following  table  of  zero,  infinite,  and  turning 


values : — 


e 


cos  6 
sin^ 
tone 
cote 
sece 
cosec  0 


0 

\T 

T 

«* 

2jr 

&c 

+  1 

0 

-1 

0 

+  1 

0 

+  1 

0 

-1 

G 

0 

00 

00 
0 

0 

00" 

00 

0 

0 

00 

&c. 

+  1 

00 

-1 

00 

+  1 

GO 

+  1 

00 

-1 

00 

(4). 


which  might  of  course  be  continued  forwards  and  backwards 
by  adding  and  subtracting  whole  periods. 

Hence  cos  0  has  an  infinite  number  of  zero  values  correspond- 
ing to  e  =  J(2w  +  ly,  where  n  is  any  positive  or  negative  integer ; 
no  infinite  values ;  an  infinite  number  of  maxima  and  of  minima 
values  corresponding  to  ^  =  2mr  and  0  =  (2»  +  1)^-  respectively ; 
and  is  susceptible  of  all  real  algebraical  values  lying  between 
-  1  and  +  1. 

Sin  $  is  of  like  character. 

But  ton  6  is  of  quite  a  different  character.  It  has  an  infinite 
number  of  zero  values  corresponding  to  6  =  mr\  an  infinite 
number  of  infinite  values  corresponding  to  e  =  ^(2n+l)7r;  no 
turning  values ;  and  is  susceptible  of  all  real  algebraical  values 
between  -  oo  and  +  oo . 

Cot  6  is  of  like  character. 
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Sec  6  and  cosec  6  have  again  a  distinct  character.  Each  of 
them  haa  infinite  and  turning  values,  and  is  susceptible  of  .all 
real  algebraical  values  not  lying  between  - 1  and  +  1.  The 
graphs  of  the  functions  y  =  sinaj,  y  =  cosa^  &c.,  are  given  in  Fig. 
1.  The  curves  lying  wholly  between  the  parallels  KL,  K'L', 
belong  to  cos  x  and  sin  x^  the  cosine  graph  being  dotted ;  all  that 
lies  wholly  outside  the  parallels  KL,  K'L',  belongs  either  to  sec  x 
or  to  cosec  Xy  the  graph  of  the  former  being  dotted.  The  curves 
that  lie  partly  between  and  partly  outside  the  parallels  KL, 
K'L',  belong  either  to  tan  a;  or  to  cot  x,  the  graph  of  the  latter 
being  dotted. 

Again,  from  the  geometrical  definition  combined  with  ele- 
mentary considerations  regarding  orthogonal  projection  are 
deduced  the  following  Addition  Formvlm : — 


cos  ($±<f>)  =  cos  0coB<f>:^  sin  6sin<f>', 

sin  (6±<fi)  =  sin  ^  cos  <^  ±  cos  ^  sin  </> ;  V         (5). 

tan  (^  ±  </>)  =  (tan  ^  ±  tan  <^)/(  1 :?  tan  tf  tan  < 


i<^).j 


Afl  consequences  of  these,  we  have  the  following : — 
cos  ^  +  cos  <^  =  2  cos  ^(6  +  <f>)  cos  ^{0  -</>);  ^ 


cos  </>  -  cos  e  =  2  sin  ^(6  +  <f>)  sin  ^{6  -  <^) ;  }-  (6) 

sin  6±sinif>  =  2  sin  ^(6  ±  <^)  cos  i 


cos  ^  cos  <^  =  J  cos  (0  +  <f>)  +  i  cos  (^  -  </>)  r 

sin  ^  sin  </>  =  ^  cos  (^  -</>)-  J  cos  (^  +  </>);  J^  (7) 

sin  ^  cos  </>  =  J  sin  (^  +  </>)  +  J  sin  ( 


cos  2  ^  =  cos "»  -  sin  "^  =  2  cos  "^  -  1  =  1  -  2  sin  '0 ' 

=^(l-tan'(9)/(l+tan'^). 
sin  2^  =  2  sin  ^  cos  ^  =  2  tan  0/(1  +  tan  '$), 
tan  26^  =  2  tan  ^/(l  -  tan  '0). 


(8). 


§  3.]  Inverse  Circular  FuncHom.  When,  for  a  continuum 
(continuous  stretch)  of  values  of  y,  denoted  by  (y),  we  have  a 
relation 

^=m  (1), 
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which  enables  us  to  calculate  a  single  value  of  x  for  each  yalue 
of  y,  and  the  resulting  values  of  x  form  a  continuum  («),  then 
the  graph  of  F(y)  is  continuous ;  and  we  can  use  it  either  to 
find  X  when  y  is  given  or  y  when  x  is  given.  We  thus  see  that 
(1)  not  only  determines  a;  as  a  continuous  function  of  y,  but  also 
y  as  a  continuous  function  of  x.  The  two  functions  are  said  to 
be  inverse  to  each  other ;  and  it  is  usual  to  denote  the  latter 
function  by  'F'\xy     So  that  the  equation 

y  =  F-Xar)  (2) 

is  identically  equivalent  to  (1). 

It  must  be  noticed,  however,  that,  although  F"^(a;)  is  con- 
tinuous, it  will  not  in  general  be  single-valued,  unless  the  values 
in  the  continuum-  (x)  do  not  recur.  This  condition,  as  the 
student  is  already  aware,  is  not  fulfilled  even  in  some  of  the 
simplest  cases.  Thus,  for  example,  if  ic  =  y^,  for  -oo<y<  +  oo, 
the  continuum  (x)  is  given  by  0:^a;<  +  oo  ;  and  each  value  of  x 
occurs  twice  over.  We  have,  in  fact,  y  =  ±  ic* ;  that  is,  the  in- 
verse function  is  two-valued. 

It  is  also  important  to  notice  that,  even  when  the  direct 
function,  F(y),  is  completely  defined  for  aU  real  values  of  y,  the 
inverse  function,  F"^(a;),  may  not  be  completely  defined  for  all 
values  of  x.  F'\x)  is,  in  fact,  defined  by  (1)  solely  for  the 
values  in  the  continuum  (x).  Take,  for  example,  the  relation 
.  ar  =  y^,  for  -  oo  <y<  +  oo.  The  continuum  (x)  is  given  by 
0:^a:<  +  00  ;  hence  y  is  defined,  by  the  above  relation,  as  a 
function  of  x  for  values  of  x  between  0  and  +  oo  and  for  no 
others. 

The  application  of  the  above  ideas  to  the  circular  functions 
leads  to  some  important  remarks.  It  is  obvious  from  the 
geometrical  definition  of  sin  y  that  the  equation 

« :i:  sin  y  (3) 

completely  defines  a;  as  a  single-valued  continuous  function  of 
y,  for  -  00  <y <  +  oo .     Hence,  we  may  write 

y  =  sin"^aj  (4), 
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where  the  inverse  function,  sin'^a;,*  is  continuous,  but  neither 
single-valued,  nor  completely  defined  for  all  real  values  of  x. 

Since,  by  the  properties  of  siny,  x  lies 
between  -  1  and  +  1  for  all  real  values 
of  y,  sin" ^a;  is,  in  fact^  defined  by  (3)  only 
for  values  of  x  lying  between  -  1  and 
+  1.  For  other  values  of  x  the  meaning 
of  sin'^a;  is  at  present  arbitrary. 

By  looking  graphically  at  the  problem 
"  to  determine  y  for  any  value  of  x  lying 
between  -  1  and  +  1,"  we  see  at  once 
that  sin'^o;  is  multiple -valued  to  an 
infinite  extent. 

If,  however,  we  confine  ourselves  to 
values  of  sin'^x  lying  between  -  ^Trand 
+  Jir,  we  see  at  once  from  the  graph  (Fig. 
2)  that  for  any  value  of  x  lying  between 
-  1  and  +  1  there  is  one,  and  only  one, 
value  of  sin'^a:.  If  we  draw  parallels  to 
the  axis  of  x  through  the  points  A,  B, 
whose  ordinates  are  +  -Jtt,  +  fir,  + 1^,  .  .  ., 
.,  then  between  every  pair  of  consecutive  parallels 
we  find,  for  a  given  value  ofa;(-l<aj<+l),  one,  and  only  one, 
value  of  y  =  sin~^a;. 

The  values  of  y  corresponding  to  points  between  the  parallels 
A'  and  A  constitute  what  we  may  call  the  Principal  Branch  of 
the  functioa  Similarly,  the  part  of  the  graph  between  A  and  B 
represents  the  1st  positive  branch ;  the  part  between  B  and  C 
the  2nd  positive  branch ;  the  part  between  A'  and  B'  the  1st 
negative  branch ;  and  so  on. 

If ,  as  is  usual,  we  understand  the  symbol  sin  ~^a;  to  give  the 
value  of  y  corresponding  to  x,  for  the  principal  branch  only,  and 
use  yn  or  n  sin  ~^  a;  for  the  nth  branch,  then  it  is  easy  to  see  that 


i^ 


-f^, 


y^  =  „  sin'^a;  =  WTT  +  (  -  1)** 


sm" 


(5). 


*  This  may  be  read  "angle  whose  sine  is  x"  or  "arc-sine a;,"  In  Con- 
tinental works  the  latter  name  is  contracted  into  arc-sin  x ;  and  this  is  used 
instead  of  sin-' X. 
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where  n  is  a  positive  or  negative  integer  according  as  the  branch 
in  question  is  positive  or  negative. 

It  is  obviously  to  some  extent  arbitrary  what  portion  of  the 
graph  shall  be  marked  off  as  corresponding  to  the  principal 
branch  of  the  function ;  in  other  words,  what  part  of  the  func- 
tion shall  be  called  the  principd  branch.  But  it  is  clearly  neces- 
sary, if  we  are  to  avoid  ambiguity — ^and  this  is  the  sole  object  of 
the  present  procedure — that  no  value  of  y  should  recur  within  the 
part  selected;  and,  to  secure  completeness,  all  the  different  values 
of  y  should,  if  possible,  be  represented.  Attending  to  these  con- 
siderations, and  drawing  the  corresponding  figures,  the  reader 
will  easily  understand  the  reasons  for  the  following  conventions 
regarding  cos'^o:,  tan"^iB,  cot'^a^  sec"^«,  cosec'^a;,  wherein  y 
and  the  inverse  functional  sjnnbols  cos'^ar,  &c.,  relate  to  the 
principal  branch  only,  and  y„  to  the  nth  branch,  positive  or 
negative. 

y  =  cos"^a;,         y  between  0  and  +  a-  ;  \ 

y„=(7i  +  i  +  (-)'»-4)7r  +  (-)«cos-ia:.  i" 

y  =  tan~^«,        y  between  -  Jtt  and  +  Jir ;    \ 
y„  =  W7r  + tan"^aj.  ) 

y  =  cot  "^a;,         y  between  0  and  ir ;  ^ 

y„  =  n7r  +  cot"^a;.  i 

y  =  seo'^x,         y  between  0  and  v ;  } 

yn  =  (w  +  i  +  (-)^-HK  +  (-r8ec-i.r.        I 


(6) 
(7) 
(8) 
(9) 


y  =  cosec'^a:,      y  between  -  Jtt  and  +  l^r ;  )     .,^v 
yn  =  WW"  +  ( -  )'*  cosec"^a;.  ) 

Since  every  function  must,  in  practice,  be  unambiguously 
defined,  it  is  necessary,  in  any  particular  case,  to  specify  what 
branch  of  an  inverse  function  is  in  question.  If  nothing  is 
specified,  it  is  understood  that  the  principal  branch  alone  is  in 
question. 

It  is  obvious  that  all  the  formulsB  relating  to  direct  circular 
functions  could  be  translated  into  the  notation  of  inverse  circular 
functions.  In  this  translation,  however,  close  attention  must  be 
paid  to  the  points  just  discussed.     Thus 
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If  a;  be  positive,  the  formula  cos  ^  =  ±  \/(l  -  sin  ^0)  becomes 
8in"^a;  =  cos"^  \/(l  -  a^ ; 
but,  if  X  be  negative,  it  becomes 

sin"^a;=  -cos"^  J{1  -of). 
IiO<x<l/  ^/2,  0  < y  <  1/  ^/2,  we  deduce  from  the  addition 
formulae  for  the  direct  functions 

sin-ia;  +  sin"iy  =  cos-^[  s/{{l  -a;')(l  -y')}~a^]; 
if  0<a:<l,  0<y<l, 

tan'^x  +  tan"iy  =  tan"^  [(x  +  y)j{\  -  xy)]. 
If  X  and  y  be  both  positive,  but  such  that  xy>\y  then 
tan'^a;  +  tan-^y  =  a-  +  tan"^  \{x  +  y)/(l  -  xy)] ;  * 
and,  in  general,  it  is  easy  to  show  that 

^tan"^a;  +  „ tan'^y  =  (m  +  w  +  /a)7r  +  tan~^{(ic  +  y)/(l  -  xy)}^ 
=  ^+n+/>tan-i{(a;  +  y)/(l-iBy)}  (11), 
where  /3=1,  0,  or  -  1,  according  as  tan"^a;  + tan'^y  is  greater 
than  ^TT,  lies  between  \ir  and  -  ^tt,  or  is  less  than  -  J^tt. 

ON   THE  INVERSION   OF  t(;  =  2^. 

§  4.]  When  the  argument^  and,  consequently,  in  general, 
the  value  of  the  function  are  not  restricted  to  be  real,  the  dis- 
cussion of  the  inverse  function  becomes  more  complicated,  but  the 
fundamental  notions  are  the  same. 

For  the  present  it  will  be  sufficient  to  confine  ourselves  to 
the  case  of  a  binomial  algebraical  equation.  Let  us  first  consider 
the  case 

W-'-Z'^  (1), 

where  n  is  a  positive  integer,  5?  is  a  complex  number,  say 
;?  =  a;  +  yt,  and,  consequently,  w  also  in  general  a  complex  number, 
say  w  =  u-\-vi. 

To  attain   absolute  clearness  in  our  discussion  it  will  be 

*  In  English  Text -Books  equations  of  this  kind  are  often  loosely 
stated ;  and  the  result  has  been  some  confusion  in  the  higher  branches 
of  mathematics,  such  as  the  integral  calculus,  where  these  inyerse  functions 
play  an  important  part. 
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necessary  tx)  pursue  a  little  farther  the  graphical  method  of 
chap.  XV.,  §  17. 

It  follows  from  what  has  there  been  laid  down,  and  from  the 
fact  that  any  integral  function  of  x  and  y  is  continuous  for  all 
finite  values  of  x  and  ^,  that,  if  we  form  two  Argand  Diagrams, 
one  for  a;  +  yi  (the  ;5-plane),  and  one  for  u-k-vi  (the  «?-plane),  then, 
whenever  the  graphic  point  oi  z*  describes  a  continuous  curve,  the 
graphic  point  of  w  also  describes  a  continuous  curve.  In  this  sense, 
therefore,  the  equation  (1)  defines  «;  as  a  continuous  function  of 
z  for  all  values,  real  or  complex,  of  the  latter.  For  simplicity  in 
what  follows  we  shall  suppose  the  curve  described  by  2;  to  be  the 
whole  or  part  of  a  circle  described  about  the  origin  of  the  2r-plane. 
We  shall  also  represent  z  by  the  standard  form  r(cos  ^  +  »  sin  ^), 
and  w  by  the  standard  form  s(cos  <^  + 1  sin  </>) ;  but  we  shall,  con- 
trary to  the  practice  followed  in  chap,  xii.,  allow  the  amplitudes 
6  and  </>  to  assume  negative  values.  Thus,  for  example,  if  we 
wish  to  give  z  all  values  corresponding  to  a  given  modulus  r,- 
without  repetition  of  the  same  value,  we  shall,  in  general,  cause 
0  to  vary  continuously  from  -  ir  to  +  tt,  and  not  from  0  to  2v, 
as  heretofore.  In  either  way  we  get  a  complete  single  revolu- 
tion of  the  graphic  radius ;  and  it  happens  that  the  plan  now 
adopted  is  more  convenient  for  our  present  purpose.    . 

It  is  obvious  that  by  varying  the  amplitude  in  this  way,  and 
then  giving  all  different  values  to  r  from  0  to  +  oo ,  we  shall  get 
every  possible  complex  value  of  z,  once  over ;  and  thus  effect  a 
complete  exploration  of  any  one-valued  function  of  z. 

Substituting  in  (1)  the  standard  forms  for  V)  and  z^  and 
taking,  for  simplicity,  ?» =  3,  we  have 

s(cos  <^  +  »  sin  </>)  =  f'(cos  ^  + 1  sin  df 

=  f^(cos3^  +  isin3^)  (2) 

by  Demoivre's  Theorem.     Hence  we  deduce 

S  =  r^,     ^=3^  +  2w7r; 

•  For  shortness,  in  future,  instead  "of  graphic  point  of  2"  we  shall  say 
"«"  simply. 
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or,  if  (as  will  be  sufficient  for  our.  purpose)  we  confine  ourselves 
to  a  single  complete  revolution  of  the  graphic  radius  of  z, 

8  =  r^,     ^=3^  (3).     . 

If,  therefore,  we  give  to  r  any  particular  value,  s  has  the 
fixed  value  /;  that  is  to  say,  w  describes  a  circle  about  the 
origin  of  the  t^plane  (Fig.  4).  Also,  if  we  suppose  z  to  describe 
its  circle  (Fig.  3)  with  uniform  velocity,  since  <f>  =  S0,  w  will 
describe  the  corresponding  circle  with  a  imiform  velocity  three 
times  as  great     To  one  complete  revolution  of  z  will  therefore 


correspond  three  complete  revolutions  of  w.  In  other  words,  the 
values  in  the  (t6')-continuum  which  correspond  to  those  in  the 
(2;)-continuum  are  each  repeated  three  times  over* 

The  actual  course  of  to  is  the  circle  of  radius  r'  taken 
three  times  over.  We  may  represent  this  multiple  course 
of  w  by  drawing  round  its  actual  circular  course  the  spiral 
0',  1,  1',  0,  r,  1,  0',  which  re-enters  into  itself  at  6'  and  0'. 
The  actual  course  may  then  be  imagined  to  be  what  this  spiral 
becomes  when  it  is  shrunk  tight  upon  the  circle. 

*  To  indicate  this  pecoliarity  of  w  we  shall  occasionally  use  the  term 
** Repeating  Function.**  A  repeating  function  need  not,  however,  bo  periodic 
as  w—:?  is. 
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If  we  now  letter  the  corresponding  points  on  the  ai-circle^with 
the  same  symbols  we  have  the  circle  O'lT  in  the  i(;-plane)  cor- 
responding to  the  circular  arc  O'll'  in  the  2:-plane,  and  so  on,  in 
this  sense  that,  when  z  describes  the  arc  O'l  V,  then  w  describes 
the  complete  circle  O'll',  and  so  on. 

It  follows  from  this  graphical  discussion  that  the  equation 
w  =  z\  which  defines  w  as  a  one-valued  continuous  function  of  z  for  aU 
values  of  Zy  defines  z  as  a  threervalued  continuous  function  of  w  for  all 
values  of  w. 

In  other  words,  since,  in  accordance  with  a  notation  already 
defined,  (1)  may  be  written 

z=  >  (I'X 

we  have  shown  that  the  cube  root  of  w  is  a  three-valued  continuous 
function  of  w  for  all  values  of  w. 

It  is  obvious  that  there  is  nothing  in  the  above  reasoning 
peculiar  to  the  case  n  =  3,  except  the  fact  that  we  have  a  triple 
spiral  in  the  i^plane,  and  a  trisected  circumference  in  the  jsf-plane. 
Hence,  if  we  consider  the  equation 

w  =  2^  (4), 

and  its  equivalent  inverse  form 

z=v^  (n 

all  the  alteration  necessary  is  to  replace  the  triple  by  an  f^ple 
spiral,  returning  into  itself  on  the  negative  or  positive  part  of 
the  t^axis,  according  as  »  is  odd  or  even ;  and  the  trisected  cir- 
cumference by  a  circumference  divided  into  n  equal  parts. 

Thus  we  see  that  the  equation  (4),  which  defines  w  as  a  continu- 
ous one-valued  function  of  z  for  all  values  of  Zy  defines  z  {thai  is,  the 
nth  root  of  w)  as  a  continuous  n- valued  function  of  w  for  all 
values  of  u\ 

§  5.]  Riemann*8  Surface,  It  may  be  usefal  for  those  who  are  to  pursue 
their  mathematical  studies  beyond  the  elements,  to  illustrate,  by  means  of  the 
simple  case  io=7?,  &  beautiful  method  for  representing  the  continuous  varia- 
tion of  a  repeating  function  which  was  devised  by  the  German  mathematician 
Riemann,  who  ranks,  along  with  Cauchy,  as  a  founder  of  that  branch  of 
modem  algebra  whose  fundamental  conceptions  we  are  now  explaining. 
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Instead  of  supposing  all  the  spires  of  the  ?/;-path  in  Fig.  4  to  lie  in  one 
plane,  we  may  conceive  each  complete  spire  to  lie  in  a  separate  plane  super- 
posed on  the  i<7-plane.  .  Instead  of  the  single  t<7-plane,  we  have  thus  three 
separate  planes,  Pi,  Po,  Pi,  superposed  upon  each  other.  To  secure  continuity 
between  the  planes,  each  of  them  is  supposed  to  be  slit  along  the  t£-azis  from 
0  to  -  00  ;  and  the  three  joined  together,  so  that  the  upper  edge  of  the  slit  in 
Po  is  joined  to  the  lower  edge  of  the  slit  in  Pi ;  the  lower  edge  of  the  slit  in 
Po  to  the  upper  edge  of  the  slit  in  Pi ;  the  lower  edge  of  the  slit  in  Pi  to  the 
upper  edge  of  the  slit  in  Pi,  this  last  junction  taking  place  across  the  two 
intervening,  now  continuous,  leaves.  We  have  thus  clothed  the  whole  of  the 
w;-plane  with  a  three-leaved  continuous  flat  helicoidal  *  surface,  any  continu- 
ous path  on  which  must,  if  it  circulates  about  the  origin  at  all,  do  so  three 
times  before  it  can  return  into  itself.  This  surface  is  called  a  Rie7namC8 
Surface,  The  origin,  about  which  the  surface  winds  three  times  before  return- 
ing into  itself,  is  ctdled  a  Winding  Point  of  the  Third  Order,  Upon  this 
three-leaved  surface  w  will  describe  a  continuous  single  path  corresponding  to 
any  continuous  single  path  of  2,  provided  we  suppose  that  there  is  no  con- 
tinuity between  the  leaves  except  at  the  junctions  above  described. 

§  6.]  If  we  confine  0  to  that  part  roi'  of  its  circle  which 
is  bisected  by  OX,  and  <^  to  the  corresponding  spire  TOT  of  its 
path,  so  that  </>  lies  between  -  jr  and  +  v,  and  S  between  -  ir/w 
and  +  7r/?^  then  z  becomes  a  one-valued  function  of  w  for  all 
values  of  w.  We  call  this  the  principal  branch  of  the  w-valued 
function  "^w ;  and,  as  we  have  the  distinct  notation  w^^^  at  our 
disposal,  we  may  restrict  it  to  denote  this  particular  branch  of 
the  function  z.     In  other  words,  if 

w  =  5(cos  if>  +  i  sin  (f>),      -7r<<f><  +  ir, 

we  define  vi^f^  by  the  equation 

^i/n  _  5i/n(co8 .  </>/n  + 1  sin  .  <t>ln) ; 

and  we  also  restrict  (cos  </>  + 1  sin  <l>yf^  to  mean  cos .  (f>/n  -*-  i  sin .  </>/n. 

Just  as  in  §  4,  we  take  the  next  spire  after  VOV  in  the 
positive  direction  (counter-clock)  to  represent  the  first  positive 
branch  of  ^w;  the  next  in  the  negative  direction  to  represent  the 
first  negative  branch  of  l^w ;  and  so  on,  the  last  positive  and  the 
last  negative  being  full  spires,  or  only  half  spires,  according  as  n 
is  odd  or  even. 

If,  as  is  usual,  we  represent  the  actual  analytical  value  of  w 

*  Like  a  spiral  staircase. 
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by  the  form  s(cos  <^  +  i  sin  <^),  where  <f>  is  always  taken  between 
-  IT  and  +  IT,  then  it  is  easy  to  find  expressions  for  the  values  of  z, 
belonging  to  the  n  -  1  positive  and  negative  branches  of  'jyw  and 
corresponding  to  any  given  value  of  Wj  in  terms  of  the  value 
belonging  to  the  principal  branch.  We  have,  obviously,  merely 
to  add  or  subtract  multiples  of  27r  to  represent  the  successive 
positive  and  negative  whole  revolutions  of  the  graphic  radius  of 
w.  Thus,  if  Zy  zu  z~t  relate  to  the  principal,  tth.  positive,  and 
ith  negative  branches  oi  z=  l^w  respectively,  we  have 

z  =  s^'^{cos .  <^/n  +  i  sin .  <f>/n} ;  \ 

Zt  =  s^^^jcos .  (</>  +  2t7r)ln  +  i  sin .  (<^  +  2tir)/n}  ;  I        (5). 
z^t  =  s^^"{cos .  (</>  -  2t7r)/n  +  i  sin .  (<^  -  2iTr)/n}.    ) 

We  have  thus  been  led  back  by  a  purely  graphical  process  to 
results  equivalent  to  those  already  found  in  chap,  xii.,  §  18. 

Cor.  1.  Hence,  if  z  denote  the  principal  value  of  the  nth  root  of 
w,  and  ia^  =  cos,  2ir/n  +  i  sin .  27r/w,  then 

that  is,  Zt  =  w^'W,    «-t  =  wV^co^-*  J  ^  ^' 

Cor.  2.  The  principal  value  of  the  nth  root  of  a  positive  real 
number  r  is  the  real  positive  nth  root,  that  is,  what  has  already  been 
denoted  by  r^'**  (see  chap,  x.,  §  2). 

For,  in  this  case,  we  have  w  =  r(cos  0  +  i  sin  0),  that  is,  </>  =  0. 
Hence  ir^^»  =  r^'^ 

Cor.  3.  There  is  continuity  between  the  last  values  of  any  branch 
of  w^^  and  the  first  values  of  the  next  in  succession,  and  between  the 
last  values  of  the  last  positive  branch  and  the  first  values  of  (he  last 
negative  branch;  but  elsewhere  two  values  of  v?^^^  belonging  to  different 
branches,  and  corresponding  to  the  same  value  of  w,  differ  by  a  finite 
amount. 

It  should  be  noticed  as  a  consequence  of  the  above  that  the  principal 
value  of  the  nth  root  of  a  real  negative  number,  such  as  - 1,  is  not  definite 
until  its  amplitude  is  assigned.  For  we  may  write  -l=coiir+i8inir  or 
=  cos  ( -  t) +i  sin  ( -  t)  ;  and  the  principal  value  in  the .  former  case  is 
cos .  ir/n  +  i  sin .  r/n,  in  the  latter  cos  ( -  x/n) + 1  sin.(  -  t/w).  This  ambiguity 
does  not  exist  for  complex  numbers  differing  from  - 1,  even  when  they  differ 
infinitely  little,  as  will  be  at  once  seen  by  referring  to  Figs.  8  and  4. 
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§  7.]  It  should  be  observed  that  if,  instead  of  restricting  <^ 
in  the  expression  ^  =  5^~{cos .  <^/n  +  i  sin .  <^/n}  to  lie  between 
--r  and  +«-,  we  canse  it  to  vary  continuonJaly  from  -n«-  to 
+  »r,  then  **^{co8.  <^/»  +  f  sin.  <^/»}  varies  continnouslj  and 
passes  once  through  every  possible  value  of  yw  where  modw 
is  given  =  «. 

It  follows  also  that,  if  w  describe  any  continuous  path 
starting  from  P  and  returning  thereto,  the  value  of  ^w  will 
vary  continuously ;  and  will  return  to  its  original  value,  if  w 
have  circulated  round  the  origin  of  the  tc>-plane  pti  times,  where 
^  is  0  or  any  integer;  and,  in  general,  will  return  to  its  original 
value  multiplied  by  ©nS  where  /  is  the  algebraical  value  of 
+  ia-Vy  fti  and  V  being  the  number  of  times  that  w  has  cir- 
culated round  the  origin  in  the  positive  and  negative  directions 
respectively. 

§  8.]  Let  us  now  consider  briefly  the  equation 

where  ;?  and  ^  are  positive  integers.  We  shall  suppose  j?  and  j 
to  be  prime  to  each  other,  because  that  is  the  only  case  with 
which  we  shall  hereafter  be  concerned.* 

'  Our  symbols   having  the  same  meanings    as    before    we 
derive  from  (1) 

sP{€oap(l>  +  i  smp<l>)  =  r^(co8  qO  +  i  sin  qO)  (2). 

Hence,  taking  the  simplest  correspondence  that  will  give  a  com- 
plete view  of  the  variation  of  both  sides  of  the  equation  last 
written,  we  have 

sP^r^,    p<l>^qO  (3). 

If,  then,  we  fix  r,  and  therefore  5,  the  paths  of  z  and  w  will 
be  circles  about  the  origins  of  the  z-  and  w?-planes  respectively  • 
and,  since  p  is  prime  U>q,ii  z  and  w  start  from  the  positive  part 

♦  Up  and  q  had  the  G.C.M.  k,  so  that;>=Ay',  q^kq',  where  p'  and  a*  are 
mutually  prime,  then  the  equation  (1)  could  be  written  (tt;^)*=(2ir')»  which 
is  equivalent  to  the  Jl  equations,  «;'*'= 2»',  wf^^u^,  «>i»'=w*V   .  ^p* 

=  w**-is»',  where  w»  is  a  primitive  Hh  root  of  + 1.  Each  of  these  Vequations 
falls  under  the  case  above  discussed. 
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of  the  osr  and  t^axes  simultaneously,  they  will  not  again  be 
simultaneously  at  the  starting  place  before  z  has  made  p,  and  w 
has  made  q  revolutions. 

To  get  a  complete  representation  of  the  variation  we  must 
therefore  cause  0  to  vary  from  -^  to  +p7r,  and  </»  from  -  g*  to 
+  qir.  The  graphs  of  z  and  w  will  therefore  be  spirals  having 
p  and  q  spires  respectively.  To  each  whole  spire  of  the  g'-spiral 
will  correspond  the  p/qth.  part  of  the  p^pirsA.  The  case  where 
jP  =  3  and  g  =  4  is  illustrated  by  Figs.  6  and  6. 

Y  V 


Pio.  6. 


Fio.  6. 


It  follows,  therefore,  that  the  equation  (1)  determines  w  as  a 
continuous  p-valued  function  of  z,  and  z  as  a  continuous  q-valued 
function  of  w.  Taking  the  latter  view,  and  writing  (1)  in  the 
form 

z=  i/wP  (r), 

and  (3)  in  the  foim 

r  =  sPl^,     e=p<t>lq  (3'), 

we  see  that,  if  we  cause  <f>  to  vary  continuously  from  -qir  to 

+  g7r,  then  s^'^(co8-</)  + isin-</>)  will  vary  continuously  through 

all  the  values  which  'i/wP  can  assume  so  long  as  mod  w  =  s,  and 
will  return  to  the  same  value  from  which  it  started.    In  fact,  we 
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see  in  general  that,  if  w  start  from  any  point  and  return  to  the 
same  point  again  after  circulating  o>  times  round  the  origin  in 
the  positive  direction,  and  v  times  in  the  negative  direction, 
then  X/w^  returns  to  its  original  value  multiplied  by  cos.  2p/ir/}  + 
iain,2pt'7r/q  where  i=  +  w  -  v ;  that  is,  by  cd^^',  where  tag  denotes 
a  primitive  gth  root  of  +  1. 

If,  as  usual,  we  divide  up  the  circular  graph  of  w  into  whole 
spires,  counting  forwards  and  backwards  as  before,  and  consider 
the  separate  branches  of  the  function  l^to^  corresponding  to  these, 
then  each  of  these  branches  is  a  single-valued  function  of  0, 

The  spire  corresponding  to  ~7r<<^<+ir  is  taken  as  the 
principal  spire,  and  corresponding  thereto  we  have  the  principal 
branch  of  the  function  z  =  s/w^,  namely, 

z  =  si'^ff -!  cos^  + 1 sin -<f>  >- ,      - TT < <i><  +  TT. 

For  the  ( +  /)th  and  ( -  /)th  branches  respectively,  we  have 
z^  =  sPf9{coa.p{<t>  +  2iw)lq  +  i  sin. p{<t>  +  2hr)/q}, 

z_i  =  sPf9{cos.p(<f>  -  2t7r)/q  +  i  sin.|?(</>  -  2i'jr)/q}, 
=  o>g-Ph. 

As  before,  we  may  use  wP^^  to  stand  for  the  principal  branch 
of  \/wP,  and  we  observe,  as  before,  that  the  principal  value 
of  l^/'^P  when  w;  is  a  real  positive  quantity  is  the  real  positive 
value  of  the  ^h  root,  that  is,  what  we  have,  in  chap,  x., 
denoted  by  wP^^. 

§  9.]  It  must  be  observed  that,  when  p  is  not  prime  toq,  the  expressions 
8'*^9{co3.p{<f>^2tT)lq+ism.p(<f>dt2tr)lq}  no  longer  furnish  all  the  q  values 
of  ^wPf  but  (as  may  be  easily  verified)  only  q/k  of  them,  where  k  is  the 
G.C.M.  of  p  and  q.  The  appropriate  expression  in  this  case  would  be 
»^/f  {  cos .  {p4>  ±  2lv)lq  +  i  sin .  (p<l>  ±  2<ir)/g } . 

This  last  expression  gives  in  all  cases  the  q  different  values  of  I^W ;  but 
it  has  this  great  inconvenience,  that,  if  we  arrange  the  branches  by  taking 
successively  ^=0,  ^=1,  ^=2,  .  .  .,  the  end  value  of  each  branch  is  equal,  not 
to  the  initial  value  of  the  succeeding  branch,  but  to  the  initial  value  of  a 
branch  several  orders  farther  on.  There  will  therefore  be  more  than  one 
crossing  in  the  graphic  spiral.    The  investigation  from  this  point  of  view  will 
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be  a  good  ezerciae  for  the  student.  When  p  is  prime  to  g,  the  two  expres- 
sions for  Ijw^  are  equivalent ;  and  we  have  preferred  to  use  the  one  which 
leads  to  the  simpler  graphic  spiral. 

If  we  adopt  Riemann's  method  for  the  graphical  representation  of  th6 
equation  w^=7i'f  then  we  shall  have  to  cover  the  2-plane  with  a  |7-leaved 
Riemann's  surface,  having  at  the  origin  a  winding  point  of  the  pth  order ; 
and  the  tr-plane  with  a  g-leaved  suriace,  having  at  the  origin  a  winding  point 
of  the  (2th  order. 

Exercises  XIY. 

(1.)  Solve  the  equation 

tan-i{(ic+l)/(aj-l)} +tan-i{(ic  +  2)/(aj-2)}  =lir, 
and  examine  whether  the  solutions  obtained  really  satisfy  the  equation  when 
tan~^  denotes  the  principal  branch  of  the  inverse  function. 

(2.)  If  27r*<4g*,  show  that  the  roots  of  the  equation  aj'-g«-r=0  are 
2(g/3)^cosa,  2(g'/3)*^cos(}T+a),  2(g'/3)i/^  cos  (}ir  -  o),  where  o  is  determined 
by  the  equation  cos  3a =^(3/^)''". 

Show  that  the  solution  of  any  cubic  equation,  whose  roots  are  all  real, 
can  be  effected  in  this  way ;  and  work  out  the  roots  of  a^- 5a; +3=0  to  six 
places  of  decimals.  (See  Lock's  Higher  Trigonometry,  %  185,  or  Todhunter's 
Trigonometry,  7th  ed.,  §  260.) 

Trace  the  graphs  of  the  following,  x  being  a  real  argument : — 
(3.)  y^8ina;+sin2x.  (4.)  y=sina;+cos2jr. 

(5.)  y=:sina;sin2x.  (6.)  ^=tana;+tan2ar. 

(7.)  y=a5sina;.  (8.)  y=Binxlx. 

(9.)  y=sin3ar/cosiB.  (10.)  y=sin-ia?. 

(11.)  y'=sin-^a;.  (12.)  siny=tanaj. 

Discuss  graphically  the  following  functional  equations  connecting  the 
complex  variables  to  and  z.  In  particular,  trace  in  each  case  the  u^-paths 
when  the  s-paths  are  circles  about  the  origin  of  the  2-plane,  or  parallels  to  the 
real  and  to  the  imaginary  axis. 

(13.)  «?a=2».  (14.)  1^=1/2. 

(15.)  w;=l/2».  (16.)  iir'=l/2». 

(17.)  td^={z-a){z-h),  (18.)  ti7«=(2-ay»(s-6). 

(19.)  w5=(2-a)«.  (20.)  tt7'-=(2-a)». 

(21.)  w=:[az+b)l(ez+d).  (22.)  w^=ll(z-a){z-b), 

§  10.]  We  can  now  extend  to  their  utmost  generality  some 
of  the  theorems  regarding  the  summation  of  series  already 
established  in  previous  chapters. 

It  is  important  to  remark  that  the  peculiar  difficulties  of  this 
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part  of  the  subject  do  not  arise  where  we  have  to  deal  merely 
with  a  finite  summation ;  that  is  to  say,  the  summation  of  a 
series  to  n  terms.  For  any  such  summation  involves  merely  a 
statement  of  the  identity  of  two  chains  of  operations,  each  con- 
taining a  finite  number  of  links,  and  any  such  identity  rests 
directly  on  the  fundamental  laws  of  algebra,  which  apply  alike 
to  real  and  to  complex  quantities. 

Even  when  the  series  is  infinite,  provided  it  be  convergent, 
and  its  sum  be  a  one-valued  function,  the  difficulty  is  merely  one 
that  has  already  been  fully  settled  in  chap.  xxvi. 

The  fresh  difficulty  arises  when  the  sum  depends  upon  a 
multiple -valued  function.  We  have  then  to  determine  which 
branch  of  the  function  represents  the  series ;  for  the  series,  by 
its  nature,  is  always  one-valued. 

We  commence  with  some  cases  where  the  last -mentioned 
point  does  not  arise. 

GEOMETRIC  AND  INTEGRO-GEOMETRIC   SERIES. 

§  11.]  The  summation 

l+z  +  s!'+  .  .   .  +;?~=:(l-;3"+i)/(l-;?)  (1), 

since  it  depends  merely  on  a  finite  identity,  holds  for  all  values 
of  z.  We  may  therefore  suppose  that  z  =  x  +  i/i  =  r(cos  ^  + 1  sin  6), 
and  the  equation  (1)  will  still  hold. 

Also,     since   L  z^"^^  =  l>"+^(cos  «  +  1^  +  t  sin  ?*  +  1^)  =  0, 

n—eo 

when  r<l,  we  have,  provided  mod;2?<  1,  the  infinite  summation 

1+;?  +  ^+  .  .  .  ad 00  =l/{l-z)  (2) 

for  complex  as  well  as  for  real  values  of  z. 

In  like  manner,  the  finite  summation  of  the  integro-geometric 

n 

series  '2<f»(n)z^,  which  we  have  seen  can  always  be  efiected  for 
real  values  of  z  (see  chap,  xx.,  §  14),  holds  good  for  all  values 

00 

of  z;  and,  since  2<^«y*  is  convergent  provided  mod;8f<l,  the 
infinite  summation  deducible  from  the  finite  one  will  hold  good 
for  all  complex  values  of  z  such  that  mod  z<l. 
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By  substituting  in  (1)  or  (2),  and  in  the  corresponding 
equations  for  ^<f){n)z^y  the  value  r(cos  ^  +  i  sin  0)  for  z,  and  then 
equating  the  real  and  imaginary  parts  on  both  sides,  we  can 
deduce  a  large  number  of  summations  of  series  involving  circular 
functions  of  multiples  of  0. 

Example  1.  To  sum  the  series 

S„=l  +  rcos^  +  r"cos2^+ .  .  .  +r*cos7t^, 
Tn=rsln^+r"8in2^+  .  .  .  +r*Bmn0, 
U„=co8o+rco8(a  +  ^)  +  r»co8(o  +  2^)+ .  .  .  +r^C0B{a  +  n$), 
Vn=8mo+r8m(a  +  ^)+r»8m(tt  +  2^)  +  .  .  .  +r«sin(o+nd), 

to  n  terms  ;  and  to  oo  when  r<l. 

Starting  with  equation  (1),  let  us  put  2=r(co8^  +  isin^),  and  equate  real 
and  imaginary  parts  on  both  sides.    We  find 

1  +  r(cos  0  +  i  sin  0)  +  r*(cos  2^  + 1  sin  2^)  +  .  .  .  +  r"(cos  nd  +  i  sin  nd) 

=  {l-r«+Kco8(»+l)^  +  i8in(»+l)^)}{l-r(co8^+isin^)}     (3); 
whence  * 

S„={l-rco8^-r*+icos(»+l)^+7*+»cosn^}/{l-2rcos^+r»}     (4); 

T«={rsin^-r"+i8in(»  +  l)^+r«+a8innd}/{l-2rcos^+r3}  (6). 

Again,  since  Un=co8aSn-8inoTn, 

V„ = sin  aSn + cos  aTn , 

we  deduce  from  (4)  and  (5)  the  following : — 

U^={co8o-rco8(a-d)-»*»+'co8(n+l^  +  o)  +  r"+2cos(n^  +  a)}/ 

{l-2rco8^  +  r2}     (6), 

Vn={8ino-r8in(tt-^)-r*+-i8in(7i  +  l^  +  tt)  +  r"+»8in(n^  +  o)}/ 

{l-2rco8^  +  r2}     (7). 

From  these  results,  by  putting  r=  +1,  or  r=  -1,  we  deduce  several  irii- 
portant  particular  cases.     For  example,  (6)  and  (7)  give 

coso  +  co8(a  +  ^)  +  cos(a  +  2^)+ .  .  .  +cos(a+n^) 

= cos  i  { a  +  (a + «^)}  sin  i(n + l)^/sin  4^    (6') ; 
8ino+8in(o+^)  +  8in(a+2^)+ .  .  .  +sin(a+n^) 

=sini{a  +  (o+n^)}sinJ(n+l)^/8iu4^     (7'). 

Finally,  if  r<l,  we  may  make  n  infinite  in  (4),  (5),  (6),  (7) ;  and  we  thus 
find 

S«,  =(1  -rcos^)/(l-2rcos^+r»)  (4") ; 

T«,=rsin^/(l-2rcos^+r»)  (6"); 

U«  =  {cosa-rcos(o-d)}/{l-2rcos^+r»}  (6*); 

V«,  =  {sina-r8in(a-d)}/{l-2rco8^+r2}  (7"). 

*  For  brevity,  and  in  order  to  keep  the  attention  of  the  reader  as  closely 
as  possible  to  the  essentials  of  the  matter,  we  leave  it  to  him,  or  to  his  teacher, 
to  supply  the  details  of  the  analysis. 
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Example  2.  Sum  to  infinity  the  series 

S=l-2rco8^  +  3r'co82^-4r'co83^+ .  .  .  (r<l). 

If  2= r(co8  ^  +  i  sin  B),  then  S  is  the  real  part  of  the  sum  of  the  series 

T=l-22+32»-4z»+.  .  .     . 
Now,  by  chap,  xx.,  §  14,  Example  2, 

T=l/(l+2)«. 

Hence  S=R{l/(l+rcosg+risin^)'},* 

=  R{(l+rcos^-risin^)V(l  +  rcos^*+r»8in*^)»}, 
=  (1  + 2r  cos  ^ + r^  cos  2^)/(l  +  2r  cos  ^ + r«)«. 

Example  8.  Exemplify  the  fact  that  every  algebraical  identity  leads  to 
two  trigonometrical  identities  in  the  particular  case  of  the  identity 

-(6-c)(c-a)(a-6)=6c(6-c)+<ja(c-a)  +  a5(a-6). 

•     In  the  given  identity  put  a=co8o+i8ina,  6=cos/3+t8in/3,  c=cos7f 
isiny,  and  observe  that 

cos/3 + tsin  p  -  C087  -  t8in7 = 2i8in  J03  -  7)  {cos  J(/S + 7) + isin  l{/3 + 7)} . 
We  thus  get 
4n8ini(/3-7){co8j(/3+7)  +  isini03+7)} 

=S8ini03-7){co8/S+t8in/S}  {cos7+isin7}  {cos  J{/3  +  7) 

+i8inJ03+7)}, 

Wll6HC6 

4co8  (a+/5+7)n  sin  J03-7)  =  Ssini{i9-7)cos  103+7); 
48in(a+/3+7)n  sin  K/3-7)=28inJ<)s-7)sin  103+7). 


FORMULiE  CONNECTED  WITH  DEM01VRE*S  THEOREM  AND  THE 
BINOMIAL  THEOREM  FOR  AN   INTEGRAL  INDEX. 

§  12.]  By  chap,  xii.,  §  15  (3),  we  have 

cos {0^  +  6g+  ,  .  ,  +  6n)  +  iBia($i-\-0g+  .  ,  .  +  6n) 

=  (cos  tf  1  +  i  sin  ^1)  (cos  O^  +  i  sin  6^) ., .  (cos  On  +  i  sin  On). 

If  we  expand  the  right-hand  side,  and  use  P^  to  denote 
D  cos  6 1  cos  Of  . ,  cos  Or  sin  d^+i ...  sin  d^,  that  is,  the  sum  of  all 
the  partial  products  that  can  be  formed  by  taking  the  cosines 
of  r  of  the  angles  0^,  0^,  ,  .  ,,  On  ^nd  the  sines  of  the  rest,  then 
we  find  that 

cos (^1  +  ^a  +  .  .  .  +  ^„)  +  tsin {0^  +  0^+  ...  +  On) 

=  P^  +  iPn-i -Pn-a"*Pn-8  +  Pn-4  +  *Pn-5-  •    •    •      • 

•  We  use  B/{x  +  yi)  and  l/{x+yi)  to  denote  the  real  and  imaginar}'  parts 
o{/[z+yi)  respectively. 
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Hence 

8in(^,  +  ^,  +  ...  +  ^„)  =  Pn.,-Pn.a  +  Pn-5-Pn-7  +  ...      (2). 

From  these,  or,  more  directly,  from 

cos  (^,  +  ^8  +  .  .  .  +  ^„)  + 1  sin  {0^  +  0^+  .  ,  .  +  ^n)  =  cos  0^  cos  0^ 
...  cos  ej}  + 1  tan  ^,)  (1  +  itan  e.) . . .  (1  +  ttan  ^n)i 
we  derive 

tan(^,  +  ^.  +  ...  +  ^n)  =  (T,-T.  +  T.-..;)/(l-T.  +  T,-...)  (3), 
where  T^  =  2  tan  ^i  tan  d, . . .  tan  ^r- 

The  formulsB  (1),  (2),  (3)  are  generalisations  of  the  familiar 
addition  formulsd  for  the  cosine,  sine,  and  tangent 

From  the  usual  form  of  Demoivre's  Theorem,  namely, 

cos  n^  +  »  sin  ntf  =  (cos  d  +  »  sin  ^)* 

we  derive,  by  expansion  of  the  right-hand  side, 

cos  nO  +  i  sin  nO  =  cos"d  +  inC,  cos**"^^  sin  9  -  ^0.  cos**"^^  sin^tf 

-tnC,cos«-«esin8e  +  nC4C08~-*esin*e+  .... 
Hence 

cos  nO  =  cos~^-nC.cos~-2^ sin2^  +  nC^cos^-*^ sin*e- ...    (4)  ;* 
sin  n6  =  „C,  cos^-^tf  sin  6  -  nC,  cos'*"*^  sin^^ 

+  „C5C0s~-^esin^^-  ...     (5); 
nC,tan^-nC«tan'g  +  ^C,tan'^-  .  .  . 
^^^ ^^  =        l-„C.tan-^4-natan^^-.  ..  ^^>- 

These  are  generalisations  of  the  formulae  (8)  of  §  2. 

The  formulse  (4)  and  (5)  above  at  once  suggest  that  cos  nO 
can  always  be  expanded  in  a  series  of  descending  powers  of  cos  6 ; 
that,  when  n  is  even,  cos  nS  can  be  expanded  in  a  series  of  even 
powers  of  sin  6  or  of  cos  0 ;  sin  nO/sin  0  in  a,  series  of  odd  powers 
of  cos  0 ;  and  sin  nd/cos  ^  in  a  series  of  odd  powers  of  sin  0 : 
and,  when  n  is  odd,  cos  nd  in  a  series  of  odd  powers  of  cos  0 ; 
cos  n0/coa  ^  in  a  series  of  even  powers  of  sin  0 ;  sin  n0  in  a  series 
of  odd  powers  of  sin  0 ;  sin  n0/sia  ^  in  a  series  of  even  powers 
of  cos  ft 

*  The  formulae  (4),  (5),  (6),  (8)  were  first  given  by  John  Bernoulli  in  1701 
(see  Op.,  t  i.,  p.  887). 
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Knowing,  a  priori^  that  these  series  exists  we  could  in  various 
ways  detennine  their  coefficients ;  or  we  could  obtain  certain  of 
them  from  (1)  and  (2)  by  direct  transformation;  and  then 
deduce  the  rest  by  writing  \7c-0'va  place  of  0.  (See  Todhqnter's 
Triffonometry,  §§  286-288.) 

We  may,  however,  deduce  the  expansions  in  question  from 
the  results  of  chap,  xxvii.,  §  7.  K  in  the  equations  (9),  (10),  (9'), 
(9"),  (10'),  (10')  there  given  we  put  a  =  cos  d  +  i  sin  ^,  j3  =  cos  ^  - 
« sin  ^,  and  therefore  |>  =  2  cos  0,  ^  =  1,  we  deduce 

2co6n^  =  (2cos^)»-^(2cos^)»-2  +  ^^^^^\2cos^)»-*--.  .  . 
^_^,n<n-r-l)(n-r-2)...(»-2r-H)^^^^^,.^^     ^^^., 

sin  n(9/sm  0  =  (2  cos  ^»->  -  -~  (2  cos  «)»-»  +  (^-^)(^-*) 

(2cos^)»--  .  .  .  ^_).("-r-l)(»-r-2)...(n-2r) 

(2co6  0)»-«'-i+  ...     (8); 

CO8n0  =  (-)»4l-|-,CO8'e  +  ^!^^^^^CO8*0-.   .    . 

^  ~  ^  "^ ^1 "^^^  +  .  .  .  |(«  even)     (9) ; 

COS  nd  =  (-)(»-iy«J  —cos  $  -  -^-5- — '-  cob'O  +  -> ff ' 

II!  3  !  D ! 

cos'^  -...(-)*  ^ (2T+fj\ ^C08*'+ie  + . .  .  I 

(ncidd)     (10); 
sin  n^/sin  «  =  (  -  )'^-4  ~  cos  6  -  ^^ll*)  cos'fl  +  .  .  . 

(-)'"^"'"(2;h^i)i'"^''^""'^'^^-^ •  •  •}<"«^«'')  (i^>^ 

•  The  series  (7),  (9'),  (IC)  were  first  given  by  James  Bernoulli  in  1702 
(see  Op.,  t.  ii.,  p.  926).    He  dednced  them  from  the  formula 

2.ia'«<>4;(2Bin<>)»-!!^(Z!^(2,i..)^-H">'-y-^'\2Bm<>).-..^ 

which  he  established  by  an  induction  based  on  the  previous  results  of  Yieta 
regarding  the  multisection  of  an  angle. 
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Sltini 


<-)-"'"''"°''giv"'"'^''-"-^--'--}<'°^^'  <">• 

If  in  the  above  six  formulsB  we  put  Jtt  -  ^  in  place  of  0,  we 
derive  six  more  in  which  all  the  series  contain  sines  instead  of 
cosines.     In  this  way  we  get,  inter  alia,  the  following : — 

cosng=l-^sin'^  +  ^'^'''7^'^sin^^-  .  .  .  (w  even)      (9'); 

.      .     »   .    .     n(n*-V)  .   ,-     n(n'-l*)(n'-3')  .   ,. 

8m»tf  =— sin^--i-s-; — -sai*0  +  -^ ii -'sin^- .  .  . 

1!  3 !     '  5 ! 

(«odd)    (10'); 
(neven)     (11'); 


.     ^,      ^     n  .   ^    n{n'^2^  .  ,^    n(n' -  2") (n' -  4")  .  .^ 

sm wtf/cos  0  =  — sm  6  -  -^-z-, — -  sin^  +  -^ -7 ^sm^  - 

'  1 !  01  5 !       • 


.     ,     n'-l»  .    ,.     (n»-l»)(n«-3»)  .    ,. 

0=1 jTT- Sin  0  +  ^^ ^-i ' sm *^ -  .  .  . 

(n  odd)     (12'). 


cosn^/cos.-.        21    41 


The  formulae  of  this  paragraph  are  generalisations  of  the 
familiar  expressions  for  cos  20,  sin  20,  cos  30,  and  sin  30,  in  terms 
of  cos  0  and  sin  0, 

§  13.]  The  converse  problem  to  express  cos**^,  sin**^,  and, 
generally,  sin  ^0  cos  ^0  in  a  series  of  sines  or  cosines  of  multiples 
of  0,  can  also  be  readily  solved  by  means  of  Demoivre's  Theorem. 

If,  for  shortness,  we  denote  cos  ^  + 1  sin  ^  by  o^  then  we  have, 
by  Demoivre's  Theorem,  the  following  results : — 

a;  =  cosd  +  tsind,     l/a;  =  cosd-tsin^; 
a^  =  cos  n^  + 1  sin  n^,     l/af*  =  cosn&- tsinwd: 

cos0  =  hx-^l/x),     8m0  =  hx-llx);  S   (1). 


2^        /  /»     —        2i^ 

■  -(7^  +  1  /a^),      sin  w^  =  ^ .. . 
2  '     '  2%^ 


cos  n0  =  -fa;"  +  1/a^),      sin  n0  =  — (a^  -  1/a^). 
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Hence 
cos  *^^=  2^(^+1/2;)^, 

=  ^2^n:T{co82m»  +  ^G,co^{2m  -  2)^  +  j^CgCos(2m  -  4)^  + 

.-  .  +  i«nC„.}     (2). 
Similarly, 

cos  2«+i^  =  ^^{coA  (2m  +  1)^  +  ^+,C,  cos  (2m  -  1)0 

+  «n+,C,  cos  (2m  -  3)^  +  .  .  .  +  ^+,Cn»  cos  »}     (3) ; 

sin  ^0  =  VifJiTrl^^os  2m^  -  ^Cf^  cos  (2m  -  2)0 

+  ^C.cos(2m-4)e  +  .  .  .  (-n^C^}     (4); 

gin  2m+i^  =  ^-^{Bin  (2m  +  1)^  -  ^+,C,  sin  (2m  -  1)^ 

+  m+iC.  sin  (2m  -  3)^  + .  .  .  ( -  )'«^+,C«  sin  0}     (5). 
These  formulae  are  generalisations  of  the  ordinary  trigonometrical 
formulae  sin  ^0-  -  |(cos  2^-1),  cos  ^6  =  |(co8  3^  +  3  cos  0),  &c. 

In  any  particular  case,  especially  when  products,  such  as 
sin  "^0  cos  ^0,  have  to  be  expanded,  the  use  of  detached  coefficients 
after  the  manner  of  the  following  example  will  be  found  to  con- 
duce both  to  rapidity  and  to  accuracy. 

Example  1.  To  expand  sin  ^6  cos  ^0  in  a  series  of  sines  of  mnUipIes  of  $. 
sin  ^e  cos  *e=^{x-  llx)\x + l/a;)». 

Starting  with  the  coeflficients  of  the  highest  power  which  happens  to  be 
remembered,  say  the  4th,  we  proceed  thus— 


Coeffldentfl  of  Multiplier. 

Coefflcienta  of  Product 

1-1 

1-4+   6-    4  +  1 
1-5  +  10-10  +  5-1 

1  +  1 
1  +  1 
1+1 

1-4+  5+   0-5  +  4-1 
1-3+   1+  5-6-1+3-1 
1-2-   2+   6+0-6+2+2-1 

The  coefficients  in  the  last  line  are  those  in  the  expansion  of  {x  -  l/a;)»(ic+ l/a;)*. 
Hence,  arranging  together  the  terms  at  the  beginning  and  end,  and  replacing 
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^.{7?  -  1/a?)  by  sin  8^,  o^  (a^  -  l/aJ")  by  sin  6^,  and  so  on,  we  find 

sin  ^$  cos  '^ = 27  {^^"  8^-2  sin  6^-2  sin"4^ + 6  sin  2^  +  J .  0} , 
=r^r5{sin  8^  -  2  sin  6d  -  2  sin  4^  +  6  sin  20} . 

The  student  will  see.  that  sin  ^0  cos  ^0  can  be  expanded  in  a 
series  of  sines  or  of  cosines  of  multiples  of  0,  according  as  m  is 
odd  or  even.     The  highest  multiple  occurring  will  be  (m  +  n)0. 
Example  2.  If  0=2v/n,  and  a  any  angle  whatever,  and 

mUn=COS'»a  +  COS'*(tt  +  ^)+  .   .   .  +cos"»(o  +  »- 1^), 
mVn=sin"»o  +  sin"»(tt  +  ^)+ .  .  .  +sin"^a+M-l^), 
where  m  is  any  positive  integer  which  is  not  of  the  form  r-\-snl2y  then 
ih«Un=a«Vn=n.l.3  .  .  .  (2m-l)/2.4  .  .  .  2w ; 

Jm+lUn = am+1  Vn = 0. 

This  will  be  found  to  follow  from  a  combination  of  the  formula  of  the 
present  paragraph  with  the  summation  formulse  of  §  11. 


Exercises  XV. 

Sum  the  following  series  to  n  terms,  and  also,  where  admissible,  to 
infinity : — 

(1.)  co8o-coe(o  +  ^)  +  co8(a  +  2^)-.  .  . 
(2.)  sino-sin(a+^y+sin(o  +  2^)-.  .  . 

(3.)  2sin»»^.  (4.)  »cos^  +  (w-l)cos2^+(»-2)cos3^  +  .  .  .     . 

(5.)  Zsinn^cos(n  +  l)^.  (6.)  Z  sin  n^  sin  27i^  sin  3n^. 

(7.)  sino-cosasin(o  +  ^)  +  cos*osin(tt  +  2^)-  .... 
(8.)  l+coe^/cos^+cos2^/cos^^  +  cos3^/co8'^+ .  .  .  to  »  terms,  where 
e=nr. 

(9.)  l-2rco«^4-3r*cos2^-4r5cos3^+.  .  .  . 
(10.)  sin^  +  38in2^  +  5sin3^  +  7sin4^+.  .  .  . 
(11.)  S7i«cos(n^+o).  (12.)  2n(ft+l)sin(2»  +  l)^. 

(13. )  sin  271^  -  a„Ci  sin  (2n  -  2)^ + snCa  sin  (2»  -  4)^  - ...  (n  a  positive  inte- 
ger). 

(14.)  8in(2n  +  l)^+9,.+iC3isin(2n-l)^+ai»+.iCa8in(27i-8)^  +  .  .  .  (naposi- 
tive  integer). 

(15.)  27n(m+l)  .  .  .  (m+n -1)7*  cos  (o+n^)/» !  to  infinity,  w  being  a 
positive  integer. 

(16.)  Does  the  function 

(sin*^  +  sin*2^+.  .  . +sin*7i^)/(cos'^  +  co8*2^+ .  .  .+co8%^) 
approach  a  definite  limit  when  9t=oo  ? 

(17.)  Expand  1/(1  -2  cos  ^.aj+ a?)  in  a  series  of  ascending  powers  of  a;. 
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(18. )  Expand  l/(l-2cos^.ar+ a^)*  in  a  series  of  ascending  powers  of  x, 
(19.)  Expand  (l  +  2a;)/(l-a:^)  in  a  series  of  ascending  powers  of  x\  and 
show  that 

(871. -1)  (371 -2)     (371  -  2)  (8n- 8)  (371  ^4) 

l_3w+ 2l 31 ■*■ ^"^'  ■ 

(20.)  Shpwthatl/(l+a;+ar')  =  l-aj+a^-ic*+a^-a?^+a*-xi»  +  .  .  .;  and 
that,  if  the  snm  of  the  even  terms  of  this  expansion  be  ^(z),  and  the  sum  of 
the  odd  terms  ^(sc),  then  {^(a;)}*-  {^aj)}'=0(ar^)  +  ^(a5»). 

Prove  the  following  identities  by  means  of  Demoiyre's  Theorem,  or  other- 
wise.    2  and  11  refer  to  the  letters  a,  /3,  7  : — 

(21.)  2  sin  0/(1 +  S  cos  a)= -IT  tan  Jo,  where  o+/3  +  7=0. 

(22. )  S  sin  (^  -  /3)  sin  (^  -  7)/sin  (o  -  /3)  sin  (a  -  7)  =  1. 

(23. )  S  sin  J(a  +  /3)  sin  i(a + 7)  cos  a/sin  l(tt  -  /3)  sin  i(o  -  7)  =  cos  (a  +  /3  +  7). 

(24. )  cos  0-  cos  (<r  -  2tt)  cos  (tr  -  2/3)  cos  (<r  -  27)  +  sin  <r  sin  (o*  -  2a)  sin  (<r  -  2/3) 
sin  (<r- 27)= cos  2a  cos  2/3  cos  27,  where  o-=o+/3+7. 

Expand  in  series  of  cosines  or  sines  of  multiples  of  Q : — 

(25.)  cos^®^.  (26.)  sin^d.  (27.)  sin*^. 

(28.)  cos  «^  sin  »^.  (29.)  cos  «^  sin  *^. 

Expand  in  series  of  powers  of  sines  or  cosines  :— 

(30.)  cos  10^.  (31.)  sin  7^. 

(32.)  sin  3^  cos  6^.  (33.)  cos  m^  cos  71^. 


EXPANSION  OF  COS  ^  AND   SIN  ^  IN   POWERS   OF   B, 

§  14.]  We  propose  next  to  show  that,  for  all  finite  real 
values  of  ^, 

cos^=l-^/2!  +  ^/4!  -^/6!  +  .  .  .  adoo  (1); 

sin^=^-^/3!  +  ^/5!-^77!  +  .  .  .  adoo  (2). 

These  expansions*  are  of  fundamental  importance  in  the 
part  of  algebraical  analysis  with  which  we  are  now  concerned. 
They  may  be  derived  by  the  method  of  limits  either  from  the 
formulae  of  §  12,  or  from  two  or  more  of  the  equivalent  formulae 
of  §  13.  We  shall  here  choose  the  former  course.  It  will  appear, 
however,  afterwards  that  this  is  by  no  means  the  only  way  in 
which  these  important  expansions  might  be  introduced  into 
algebra. 

*  First  given  by  Newton  in  his  tract  Analysis  per  ccqtuUiones  numero 
terminorum  infinitas,  which  was  shown  to  Barrow  in  1669.  The  leading  idea 
of  the  above  demonstration  was  given  by  Euler  {Introd.  in  Anal,  Inf.^  t,  i., 
§  132),  but  his  demonstration  was  not  rigorons  in  its  details. 
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From  (4)  and  (5)  of  §  12,  writing,  as  is  obviously  pennissible, 
Ojm  in  place  of  0,  and  taking  9i  =  ?»,  we  deduce,  after  a  little 
rearrangement, 

^"-■/-"';r"-^^°'V(un-7i)'-..}(3x 

0 
=  cos ""-{l^ «,  +  «,-.  .  .},8ay,  (3'); 

and 

m  I 

(l-l/m)(l~2/m) 
3! 

Q 

=  cos"*-K-W3  +  .  .  .},  say,  (4'). 

Here,  from  the  nature  of  the  original  formula,  m  must  be  a 
positive  integer ;  but  nothing  hinders  our  giving  it  as  large  a 
value  as  we  please,  and  we  propose  in  fact  ultimately  to  increase 
it  without  limit  On  the  other  hand,  we  take  0  to  be  a  fixed 
finite  real  quantity,  positive  or  negative. 

The  series  (3),  as  it  stands,  terminates ;  and  its  terms  alter- 
nate in  sign. 

We  have 


sin  9  =  cos"*- J  ^(  tan  -  /- ) 
il     \      ml  mJ 


«r^'*-]  <'^ 


„,^^j'-y'»)('-^':'Wy(^i/f)' 

««i  (2n+ l)(27n-2)  \      ml  mJ ' 

Hence,  so  long  as  n  is  finite, 

L  mod  ^^^±^  = ^ 

u^      (2w+l)(2»  +  2)* 

If,  therefore,  we  take  2n  +  1  >  0*  we  can  always,  by  taking 
m  large  enough,  secure  that,  on  and  after  the  term  u^^,  the 
numerical  value  of  the  convergency-ratio  of  the  series  (3)  shall 
be  less  than  unity. 

*  Strictly  speaking,  it  is  aufladent  if  ^  <  V  { (2» + 1 )  (2n + 2)} . 

VOL.  n  s 
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From  this  it  follows  that,  if  27i  +  1  >  0,  and  m  be  only  taken 
large  enough,  cos  B  will  be  intermediate  in  value  between 


and 


cos«*-{l-t*.  +  t*,-.  .  .(-)X»}  (5), 


C08^^{l-t*.  +  i*,-.    .    .(-)«t^^  +  (-)n+l,^^,}      (6). 


Therefore  cos^  will  always  lie  between  the  limits  of  (5)  and 
(6)  f or  m  =  00 . 

Now  (see  chap,  xxv.,  §  23) 

Lco8'»(^/m)=l,     Lu,=  6f/2\,    Ltt,  =  ^/4!,  .  .  . 
Lu^  =  e^l(2n) !,     L  w^+,  =  ^+V(2n  +  2) !. 
Hence  cos  6  lies  between 

l-6>"/2!  +  ^/4!-.  .  .(-)«^/(2n)! 
and 
1  -  ^/2  !  +  ^/4  !  - .  .  .'(  -  fe^l{2n)  !  +  (  -  )'*+i^+7(2n  +  2) !. 

In  other  words,  provided  2n  +  1  >  ^, 

cos^=l-^/2!  +  6>*/4!-.  .  .(-)~^/(2n)!  +  (-)'*+iI^  (7), 

where  R,„  <  ^+V(2n  +  2) !. 

Here  2n  may  be  made  as  large  as  we  please,  therefore  since 
L  ^+7(2»+  2)  !  =  0  (chap,  xxv.,  §  15,  Example  2),  we  may 

n=oo 

write 

cos  ^=  1  -  ^/2  !  +  ^/4  !  - .  .  .  ad  00  (7')- 

By  an  identical  process  of  reasoning,  we  may  show  that, 
provided  2n  +  2  >  0*  then 

sin^=^'-03/3!  +  .  .  .(-)«^+V(2n+l)!  +  (-)«+iR^+,  (8), 
where  E^+i  <  0^+^/{2n  +  3) ! , 

and  therefore 

sin^  =  ^-^/3!  +  ^/5!-.  .  .  ad  oo  (8'). 

It^has  already  been  shown,  in  chap,  xxvi.,  that  the  series  (7') 
and  (8')  are  convergent  for  all  real  finite  values  of  6 ;  they  are 

*  More  closely,  if  ^<  V{(2n+2)(2n-i-3)}. 
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therefore  legitimately  equiyalent  to  the  one-valaed  functions 
cos  6  and  sin  6  for  all  real  values  of  6^  that  is,  for  all  values  of 
the  argument  for  which  these  functions  are  as  yet  defined.  From 
this  it  follows  that  the  two  series  must  be  periodic  functions  of 
6  having  the  period  27r.  This  conclusion  may  at  first  sight 
startle  the  reader ;  but  he  can  readily  verify  it  by  arithmetical 
calculation  through  a  couple  of  periods  at  least. 

When  B  is  not  very  large,  say  :}>  Jr,  which  is  the  utmost 
value  of  the  argument  we  need  use  for  the  purposes  of  calcula- 
tion,* the  series  converge  with  great  rapidity,  five  or  six  terms 
being  amply  sufficient  to  secure  accuracy  to  the  7th  decimal 
place. 

We  shall  not  interrupt  our  exposition  to  dwell  on  the  many 
uses  of  these  fundamental  expansions.  A  few  examples  will  be 
sufficient,  for  the  present^  on  that  head. 

Example  1.  To  cdcalate  to  seven  places  the  cosine  and  sine  of  the 
radian. 

We  have 
co8l  =  l-l/2!+l/4!-l/6!  +  l/8!-l/10!  +  Eio, 

Rio  <  1/12!, 
=  1-  •600,000,0+*041,666,7-  •001,388,9  +  -000,024,8-  •000,000,3  +  R,o, 

Rio< -000,000,003. 
=  •540,302,3. 

Similarly, 

8inl  =  l--l/3!  +  l/5!-l/7l  +  l/9!-RB, 

Ro  <  1/11  !< -000,000, 08, 

=  -841,471,0. 

The  error  in  each  case  does  not  exceed  a  nnit  in  the  7th  place. 

Example  2.  If  ^<3,  then  ^>8in^>^- J^;  1 -i^<cos^<l- J^+^^. 

These  inequalities  follow  at  once  from  (7)  and  (8)  above.  They  are 
extensions  of  those  previously  deduced,  in  chap,  xxv.,  §  21,  from  geometrical 
considerations. 

Example  3.  Expand  cos  (a  +  ^)  in  powers  of  0, 
Result,  cos  (a  +  ^) = cos  a  cos  ^  -  sin  a  sin  9, 

=  cos'a-8inet^-cosa^/2l  +  sina^/3!  +  cosa^/4!-.  .  . 


♦  Seeing  that  the  cosine  or  sine  of  every  angle  between  Jt  and  Jir  is 
the  sine  or  cosine  of  an  angle  between  0  and  }ir. 
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Example  4.  Find  the  limit  of 

^(1  -  C08  ^)/(tan  $-6)  when  ^=0. 
Ii^(l  -  cos  ^)/(tan  ^  -  d)  =  L  sec  (?  L^(l  -  cos  ^)/(sin  ^  -  ^  cos  0), 

=  1x1^(^/2-^/4!  +  .  .  .)/((?-^/3!  +  .  .  ,-$+0^/2-,  .  .), 
=  L(^/2-^/4!  +  .  .  .)/W3  +  .  .  .), 
=  L(l/2  +  P^+.  .  .)/(l/3  +  Q<^+.  .  .), 
=  8/2. 

Exercises  XYI. 

(1. )  Expand  sin  (a  +  6)  sin  {p  +  e)ia  powers  of  6. 
(2.)  Calculate  sin  45""  82'  30"  to  five  places  of  decimals. 
(3.)  Given  tan  ^/^= 1001/1000,  calculate  $. 

(4.)  Expand  cos*^,  sin'^^,  and  sin '^  cos  ^  in  powers  of  9;  and  find  the 
general  term  in  each  case. 

(5.)  Show  that  cos"»^  {m  a  positive  integer)  can  be  expanded  in  a  con- 
vergent series  of  even  powers  of  0 ;  and  that  the  coefficient  of  0^  in  this 
expansion  is 

(-)»{m*«+«Ci(m-2)*»+mC2(m-4)»-+.  .  .}/2«-i(2n)!. 
(6.)  Show  that,  if  m  and  n  be  positive  integers,  and  l<n<9n,  then 
m»-«Ci(m-2)«+«C2(m-4)«-.  .  .  =  0. 
Examine  how  this  result  is  modified  when  n=l,  or  n=7n. 

Evaluate  the  following  limits : — 

(7. )  (sin  hn0  -  sin  hi0)l{cosp0  -  cos  q0\    0=0. 

(8.)  {sin;?(a  +  ^)-8inj?a}/^,     ^  =  0. 

(9.)  {8in"p(a  +  <?)-sin"pa}/^,    0  =  0, 
(10.)  {sin  •^a  +  <?)  cos  (a +  ^)- sin  "pa  cos  a} /^,     ^=0. 
(11. )  {afi  sin  a0-bS  sin  b0)l{b»  tan  ad  -  a«  tan  b0\     0  =  0. 
(12.)  l/2z2  -  ir/2j;  tan  tx  -  1/(1  -  a:*),    x=l  (Euler). 

(13.)  {sinar/aj}*/*",    a;=0. 

(14.)  {(a;/a)sin(a/a;)}«"*,     a;=oo,     (wi=>2). 

(15.)  Show,  by  employing  the  process  used  in  chap,  xxvii.,  §  2,  tbat  the 
series  for  sin  nd/cos  0  in  powers  of  sin  0  can  be  derived  from  the  series  for 
cos  n0  in  powers  of  sin  0 ;  and  so  on. 

(16.)  Show,  by  using  the  process  of  chap,  xxvii.,  §  2,  twice  over,  that,  if 

cosnd=l+Aisin*d+Ajsin*d  +  .  .  .+Arsin*'"d  +  .  .  .,  . 
then 
-w2coswd=2Ai  +  (3.4Aa-22Ai)sin»d  +  .  .  . 

+  {(2r  +  l)(2r  +  2)AH.i-(2r)»A^}sin*-d  +  .  .  .     . 

Hence  determine  the  coefficients  Ai,  A2,  &c. ;  and,  by  combining  Exercise 
16  with  Exercise  16,  deduce  all  the  series  (7) .  .  .  (12')  of  §  12. 

(17.)  Show  (from  §  13)  that  cos"d  and  sin"(?  can  each  be  expanded  in  a 
convergent  series  of  powers  of  0 ;  and  find  an  expression  for  the  coefficient  of 
the  general  term  in  each  case. 

In  i)articular,  show  that 

8in»aj/3!=a:»/3!-(l+8V/5!  +  (l  +  3'  +  3*)»77l-(l+32+3*  +  3V/9J  +  ..  .    • 
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BINOMIAL  THEOREM   FOR  ANY  COMMENSURABLE   INDEX. 

§  15.]  If,  as  in  chap,  xxvii.,  §  3,  we  write 

/(m)  =  l+2^Cn^'*  (10), 

where  m  is  any  commensurable  number  as  before,  but  z  is  now  a 
complex  variable,  then,  so  long  as  mod2r<  1,  D^Cn^  will  (chap. 
xxvL,  §  3)  be  an  absolutely  convergent  series ;  and  /(m)  will  be 
a  one-valued  continuous  function  both  of  m  and  of  z.  Hence 
the  reasoning  of  chap,  xxvii.,  §  3,  which  established  the  addition 
theorem  f{m^f{m^  =y(w*i  +  ^)  ^^  still  hold  good ;  and  all  the 
immediate  consequences  of  this  theorem — for  example,  the 
equations  (4),  (5),  (6),  (7),  (8),  (9)  in  the  paragraph  referred  to — 
will  hold  for  the  more  general  case  now  under  consideration. 

In  particular,  if  jp  and  q  be  any  positive  integers  (which,  for 
simplicity,  we  suppose  prime  to  each  other),  then 

=  {\+zy  (11). 

It  follows  thsLtf(p/q)  represents  part  of  the  ^-valued  function 
v^(l  +  z)P  I  and  it  remains  to  determine  what  part. 

Let  2f  =  r(cos  ^  + 1  sin  ^),  then,  since  we  have  merely  to  ex- 
plore the  variation  of  the  one-valued  function  f{p/q),  it  will  be 
suflScient  to  cause  0  to  vary  between  -  v  and  +  tt. 
Also,  let 

w=l-\-z=l+x  +  yiy 

=  1  +  r  cos  ^  +  ir  sin  0,    J-  (a), 

=  p(cos  <^  - 


so  that 


oaO  +  ir  sin  6,    > 
►  + 1  sin  <^),       J 


f>={(l+a:)'  +  3^r  =  (l  +  2rcos^  +  /)^/»;  1 


tan  <f>  =  y/(l  +x)  =  r  sin  6/{l  +  r  cos  I 

If  we  draw  the  Argand  diagram  for  w=^l  +x  +  ^,  we  see 
that  when  r  is  given  w  describes  a  circle  of  radius  r,  whose  centre 
is  the  point  (1,  0).  Since  r<l,  this  circle  falls  short  of  the 
origin.  Hence  <^  the  inclination  to  the  ^-axis  of  the  vector 
drawn  from  the  origin  to  the  point  w,  is  never  greater  than 
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tan-i{r/(l-r2)i/2},  and  never  less  than  -tan-i{r/(l -r^)!/*}. 
Hence  <^  lies  in  all  cases  between  -  Jtt  and  +  Jtt.  Therefore, 
since  f(p/q)  is  continuous,  only  one  branch  of  the  function 
>(/(l  +  z)P  is  in  question.  Now,  if  we  denote  the  principal 
branch  by  (1  +  z)Pf^,  so  that 

(1  +  z^f^  =  pPf9{co9p<l>/q  +  i  Hinp<f>/q), 

we  have,  by  §  8, 

i/(l+z)P  =  {l+z)Pf9w^  (12), 

where  t  =  0,  ±1,  ±2,  .  .  .,  according  to  the  branch  of  the 
function  which  is  in  question.     Hence  we  have 

f{plq)  =  {l+z)Pl^oy^, 

where  t  has  to  be  determined. 

Now,  when  ;»=  0,  we  have/(|?/^)  =  1,  hence  we  must  have 

Hence  ^  =  0,  and  we  have 

f{p/l)  =  (1  +  ^)^^*  =  pPf^{cos,p<l>lq  +  i  sin,p<t}/q)y 
where  -  Jtt  <  <^  <  ^tt. 

Next  consider  any  negative  commensurable  quantity,  say 
-p/q.     Then  (by  chap,  xxvii.,  §  3  (9)), 

A'Pk)=fm{Pk\ 
=  Vf{Pl2y 
If,  therefore,  we  define  (1  +z)~Pf^  to  mean  the  reciprocal  of 
the  principal  value  of  (1  +  z)p%  we  have 

/(  -pIq) = (1 + ^)"^^* = 1/(1  +  ^y^^ 

p  =  -i>/nco8(  -p<l>/q)  +  tsin(  -p<l>/q)}   (13). 

To  sum  up  :  JFe  have  now  established  the  following  expansion  for 
the  principal  value  <?/  (1  +  z)^,  in  all  cases  where  m  is  any  commen- 
surable numheTy  and  mod  z<l : — 

(l+^)-=l+2,«C„.--  (14). 

The  theorem  may  also  be  written  in  the  following  forms : — 

1  +  ^mCn{x  +  yi)**  =  {(1  +  xy  +  y2}'«/2[cos.m  tan  -i{y/(l  +  x)} 

+  isin.mtan-i{y/(l  +«)}]     (15); 
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1  +  2„|Cn^(cos  nd  +  i  sin  nO) 

=  (1  +  2r  cos  ^  +  r2)'"^(cos  m<l>  +  %  sin  wk/>), 

where         -  Jtt  <  <^  =  tan  "^{r  sin  0/{l+r  cos  ^)} <  +  Jir     (1 6). 

§  16.]  The  results  of  last  par&graph  were  first  definitely 
established  by  Cauchy.*  In  a  classical  memoir  on  the  present 
subject)!  Abel  demonstrated  the  still  more  general  theorem 

=  [(1  +  «)*  +  yT^<50s{mtan-i{y/(l  +  x)}  +  iAlog{(l  +  z)^  +  f}} 

+  i8in{mtan-i{y/(l +«)}  +  iifclog{(l +aj)2  +  y2}}] 

Exp[-^tan-Hy/(l+ic)}]. 

Into  the  proof  of  this  theorem  we  shall  not  enter,  as  the 
theorem  itself  is  not  necessary  for  our  present  purpose. 

§17.]  The  demonstration  of  §  15  fails  when  mod^^^l. 
Here,  however,  the  theorem  of  Abel,  given  in  chap.  xxvL,  §  20, 
comes  to  our  aid.  From  it  we  see  that  the  summation  of,  say, 
(16)  will  hold,  provided  the  series  on  the  left  hand  remain  con- 
vergent when  r  =  1. 

Now  the  series  1  +  2„>Cn(cos  nO  +  i  sin  n6)  will  be  convergent 
if,  and  will  not  be  convergent  unless,  each  of  the  series 

S=l+2,^CnC0sn^, 
T  =  2«Cn8inn^ 
be  convergent. 

In  the  first  place,  we  remark  that,  if  m<-  1,  LmGn=  *  « 
when  n  =  00 ,  so  that  neither  of  the  series  S,  T  can  be  convergent. 

If  m=-l,  then  wCn  =  (-l)^  S  =  l+2(-l)«cosn^, 
T  =  2(- l)**sinn^,  neither  of  which  is  convergent  (see  chap. 
XXVL,  §  9). 

If  -l<m<0,  then  L,»Cn  =  0;  and  the  coefficients  ulti- 
mately alternate  in  sign.  Hence,  by  chap,  xzvi.,  §  9,  both  the 
series  S  and  T  are  convergent,  provided  ^  +  ±  ir.  When  0  has 
one  or  other  of  these  excepted  values,  then  S  =  1  +  2(  -  l)'*mCn> 
which  is  divergent  when  m  lies  between  -  1  and  0  (see  chap. 
xxvi.,  §  6,  Example  3). 

*  See  his  Analyse  Algibrique, 
t  (Euvrea  OompUUa  (ed.  by  Sylow  &  Lie),  t.  i.,  p.  288. 
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K  w>0,  then,  as  we  have  already  proved  (see  chap.  xxvL, 
§  6,  Example  4),  2„jCn  is  absolutely  convergent,  and,  a  fortiori^ 
1  +  DmCnCOsn^  and  2„|CftSinn^  are  both  absolutely  convergent. 

It  follows,  therefore,  that  the  equation 

wUl  hold  when  mod z=  I,  in  all  cases  where  m  >  0 ;  and  also  wlien  m 
lies  between  -  1  and  0,  provided  that  in  this  last  case  the  imaginary  part 
of  z  do  not  vanish,  that  is,  provided  the  amplitude  of  z  is  not  ±  tt. 

In  other  cases  where  mod2;=l,  the  theorem  is  not  in 
question,  owing  to  the  non-convergency  of  2,»Cn«**. 

In  all  cases  where  moiz>  1,  the  series  'SJGn^  is  divergent, 
and  the  validity  of  the  theorem  is  of  course  out  of  the  question. 


EXPONENTIAL  AND  LOGARITHMIC   SERIES — GENERALISATION  OF 
THE  EXPONENTIAL  AND  LOGARITHMIC  FUNCTIONS. 

§  18.]  The  series 

l+;?  +  ;2"/2!  +  //3!  +  .  .  . 
is  absolutely  convergent  for  all  complex  values  of  z  having  a 
finite  modulus  (see  chap,  xxvi.,  §  10).  Hence  it  defines  a  single- 
valued  continuous  function  of  z  for  all  values  of  z.  We  may 
call  this  function  the  Exponential  of  z,  or  shortly  Exp;?;*  so 
that  Exp  z  is  defined  by  the  equation 

Exp;?=l+;?  +  ^/2!+//3!+.  .   .  (1). 

The  reasoning  of  chap,  xxviii.,  §  5,  presupposes  nothing  but  the 
absolute  convergence  of  the  Exponential  Series,  and  is  therefore 
applicable  when  the  variable  is  complex.  We  have  therefore 
the  following  addition  theorem  for  the  function  Exp  z : — 

*  When  it  is  necessary  to  distinguisli  between  the  general  function  of  a 
complex  variable  z  and  the  ordinary  exponential  function  of  a  real  variable  x, 
we  shall  use  Exp  (with  a  capital  letter)  for  the  former,  and  either  e*  or  exp  x 
for  the  latter.  After  the  student  fully  understands  the  theory,  he  may  of 
course  drop  this  distinction.  It  seems  to  be  forgotten  by  some  writers  that 
the  eine^  isA  mere  nominis  umbra — a  contraction  for  the  name  of  a  function, 
and  not  2*71828  .  .  .  Oblivion  of  this  fact  has  led  to  some  strange  pieces  of 
mathematical  logic 
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Exp  2;,  Exp^a . . .  Exp^TO  =  Exp  (^1  +  ^a  +  .  .  .  +  z„)     (2), 
where  z^,  z^^  ,  ,  .^  z^  are  any  values  of  z  whatever. 
In  particular,  we  have,  if  m  be  any  positive  integer, 

(Exp;?)"^  =  Exp(7?w:)  (3). 

Also 

Exp  z  Exp  {-z)  =  Exp  0, 

=  1; 

and  therefore 

Exp(-0)  =  1/Exp;?  (4). 

We  have,  further, 

Expl  =  l  +  l  +  l/2!  +  l/3!  +  .  .  ., 

(5); 
and,  if  a;  be  any  real  commensurable  number, 

Expa;=l+a;  +  a:*/2!+a?/3!  +  .  .  ., 

=  e*  (6), 

by  chap,  xxviii.,  where  ^  denotes,  of  course,  the  principal  value 
of  any  root  involved  if  a;  be  not  integral. 

It  appears,  therefore,  that  Exp  x  coincides  in  meaning  with 
e*,  so  far  as  e*  is  yet  defined. 

We  may  therefore,  for  real  values  of  x  and  for  the  corre- 
sponding values  of  ^,  take  the  graph  of  y  =  Exp  x  to  be  identical 
with  the  graph  of  y  =  e*,  already  discussed  in  chap.  xxi.  Hence 
the  equation 

y  =  Expic  (7) 

defines  a;  as  a  continuous  one-valued  function  of  y,  for  all  positive 
real  values  of  y  greater  than  0.  We  might,  in  fact,  write  (7)  in 
the  form 

x  =  Exp-iy  (8); 

and  it  is  obvious  that  Exp-^y  may^  for  real  values  of  y  greater  than 
0,  he  taken  to  he  identical  with  logy  as  previously  defined. 

If  we  consider  the  purely  imaginary  arguments  +  iy  and  -  ty, 
we  have,  by  the  definition  of  Exp  z, 
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Exp(  +  iy)  =  l+»y-y'/2!-tyV3!  +  y74!  +  »^/6!-.  .  ., 
=  (l-y'/2!+yV4!-.  .  .) 

+  t(y-y'/3!  +  y'/5!-.  .  .X 

=  cos  y  + 1  sin  y  {9) ; 

Exp(-iy)  =  (l-y'/2!+y74!-.  .  .) 

-%-y'/3!  +  W6!-.  .  .), 
=  coBy-i8iny  (9'), 

by  §  14. 

Finally,  by  the  addition  theorem, 

Exp  («  +  yi)  =  Exp  (x)  Exp  (yi), 

=  6*(cos  y  +  i  sin  y)  (1 0). 

The  Greneral  Exponential  Function  is  therefore  always  expressible 
by  means  of  the  Elementary  Transcendental  Functions  ^,  cos  y, 
sin  y,  already  defined. 

Inasmuch  as  the  function  Exp  z  possesses  all  the  character- 
istics which  e*  has  when  z  is  real,  and  is  identical  with  e*  in  all 
cases  where  e^  is  already  defined,  it  is  usual  to  employ  the  nota- 
tion ^  for  Exp  z  in  all  cases.  This  simply  amounts  to  defining 
e*  in  all  cases  by  means  of  the  equation 

e»=l+5?  +  ;2"/2!  +  //3!  +  .  .  ., 
which,  as  we  now  see,  will  lead  to  no  contradiction. 

§  19.]  Graphic  Discussion  of  the  General  Exponential  Function 
— Definition  of  the  General  Logarithmic  Function,  Let  w  be  defined 
as  a  function  of  z  by  the  equation 

w  =  'Expz  (1); 

and  let  z  =  x  +  yi,  and  w  =  u  +  vi  =  s(cos  <^  + 1  sin  <^).  Then,  since 
Exp  (x  +  yi)-  e*(cos  y  +  i  sin  y),  we  have 

fi(cos  <f}  +  i  Bin  <l>)  =  e*(cos  y  +  i  sin  y)  (2). 

Hence 

5  =  6«,     <f>  =  y  (3), 

where  we  take  the  simplest  relation  between  the  amplitudes  that 
will  suit  our  purpose. 

Suppose  now  that  in  the  2r-plane  (Fig.  7)  we  draw  a  straight  line 
2'rr2'  parallel  to  the  y-axis,  and  at  a  distance  x  from  it    Then, 
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if  we  cause  z  to  describe  this  line,  x  will  remain  constant^  and 
therefore  ^  will  remain  constant ;  that  is  to  say,  the  point  w  will 
describe  a  circle  (K)  (Fig.  8)  whose  radius  is  €*  about  the  origin 
in  the  K;-plane.  If  we  draw  parallels  to  the  aj-axis  in  the  ;8f-plane, 
at  distances  0'!'=  v,  0'2'=  Stt,  .  .  .,  above,  and  0'T'=  ir,  0'2'=  3ir, 
.  .  .,  below,  then,  as  y  varies  from  -  ir  to  +v,  z  travels  from  1' 
to  r ;  as  ^  varies  from  +  w-  to  +  Stt,  a?  travels  from  1'  to  2',  and 
so  on ;  and  each  of  these  pieces  of  the  straight  line  corresponds 
to  the  circumference  of  the  circle  K  taken  once  over.  To  make 
the  correspondence  clearer,  we  may,  as  heretofore,  replace  the 
repeated  circle  K  by  a  spiral  supposed  ultimately  to  coincide 
with  it.  Then  to  the  infinite  number  of  pieces,  each  equal  to 
Stt,  on  the  line  K  corresponds  an  infinite  number  of  spires  of  the 
spiral  K 

In  like  manner,  to  every  parallel  to  the  ^-axis  in  the  ^^-plane 
corresponds  a  spiral  circle  in  the  w-plane  concentric  with  the 
circle  K.  To  the  axis  of  y  itself  corresponds  the  spiral  circle 
BAOAB ;  to  the  parallel  DO'^D  to  the  left  of  the  ^-axis  the  spiral 
circle  DCD ;  and  so  on. 

To  the  whole  strip  between  the  infinite  parallels  DB  and 
DB  corresponds  the  whole  of  the  t(;-plane  taken  once  over; 
namely,  to  the  right  half  of  the  infinite  strip  corresponds  the 
part  of  the  i^^plane  outside  the  circle  BAOAB;  to  the  left 
half  of  the  strip  the  part  of  the  t^-plane  inside  the  circle 
BAOAB. 

To  each  such  parallel  strip  of  the  2;-plane  corresponds  the 
whole  of  the  t^^^plane  taken  once  over. 

Hence  the  values  of  w  are  repeated  infinitely  often,  and  we 
see  thai  the  equation  (1)  defines  w  asa  continuous  periodic  function  of 
z  having  the  period  2rn, 

Conversely y  the  above  graphic  discussion  shows  that  the  equcUion  (1) 
defines  z  as  a  continuous  oo  -pie  valued  function  of  w. 

Taking  the  latter  view,  we  might  write  the  equation  in  the 

form 

«  =  Exp-i«7  (!'). 
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Instead  of  Exp'^u;  we  shall,  for  the  most  part,  employ  the 
more  usual  notation  Log  w^  using,  however,  for  the  present  at 
least,  a  capital  letter  to  distinguish  from  the  one-valued  function 
logy,  which  arises  from  the  inversion  of  y  =  «*,  when  x  and  y  are 
both  restricted  to  be  real. 

In  accordance  with  the  view  we  are  now  taking,  we  may 
write  (3)  in  the  form 

a;  =  logs,     y  =  <^ 
Hence  z  =  Jjogw 

gives  x  +  yi  =  Log  {^(cos  <jf>  + 1  sin  <^)}, 

where  x  =  log  s,  and  y  =  <^ 

In  other  words,  we  have 

Log  w  =  log  (mod  w)  +  i  amp  (w)  (2') ; 

and,  if  we  cause  <^  (that  is,  amp  (w))  to  vary  continuously  through 
all  values  between  -  oo  and  +  oo ,  then  the  left-hand  side  of  the 
equation  (2')  will  vary  continuously  through  all  values  which 
Log  w  can  assume  for  a  given  value  of  mod  to. 

If  we  confine  <l>  to  lie  between  -  ir  and  +  tt,  then  Logw  be- 
comes one-valued ;  and  we  have 

Log«;  =  log5  +  t<^  (4), 

where  s  =  mod w  =  ^/(i^*  +  v*),  and  coB<f}  =  u/ \/(tt'  +  if),  sin <f> 
=  t;/N/(t^"  +  t;'),  -7r><^>  +  ir. 

This  is  called  the  principal  branch  of  Logw;  and  we  may 
denote  it  by  z. 

It  is  obvious  from  the  graphic  discussion  that,  if  Zt  or  tLog  w 
denote  the  value  of  Log  w  in  its  t-th  branch,  z  being  the  value  in  the 
principal  branch  corresponding  to  the  same  value  of  w  (that  is,  a  valvs 
of  w  whose  amplitude  differs  by  an  integral  multiple  of  27r),  then 
fLog  w  =  zt  =  z+  Itiri, 

=  log  s  +  i(<^  +  21-0)  (6), 

where  <l»is  the  amplitude  {confined  between  the  limits  -  ir  and  +ir)  of 
w,  and  t  is  any  integer  positive  or  negative. 

If  2^  be  a  real  positive  quantity,  =  u  say,  then  s  =  mod  w  =  u, 
<l>  =  amp  w  =  0 ;  and  we  have,  for  the  principal  value  of  Log  u. 
Log  u  =  log  u. 
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Herice,  for  real  positive  values  of  the  argvmenty  log  u  is  ike  principal 
value  of  Logu.  The  other  values  are  of  course  given  by  tLogu^ logu 
+  2/jrt,  t  being  the  order  of  the  branch. 

We  have  ako  the  following  particular  principal  values  : — 

Log(  +  t)  =Jirt, 

i^g(-*)  =  -in 

Log(-  1)=  ±7ri: 

the  principal  value  in  the  last  case  is  not  determinate  until  we 
know  the  amplitude;  and  the  same  applies  to  all  purely  real 
negative  arguments. 

§  20.]  Definition  of  Exp «».  The  meaning  of  a*,  or,  as  it  is 
sometimes  written,  Exp  a/^  has  not  as  yet  been  defined  for  values 
of  z  which  are  not  real  and  commensurable. 

"We  now  define  it  to  mean  Exp  (z.tLog  a),  where  eLog  a  is  the 
^th  branch  of  the  inverse  function  Log  a,  and  t  may  have  any 
positive  or  negative  integral  value  including  0. 

Thus  defined,  a'  is  in  general  multiple-valued  to  an  infinite 
exteni  In  fact,  since  ^Log  a  =  log  5  +  f  (<jf>  +  2for),  where  s  =  mod  a, 
and  0  =  ampa  (  -  ir  <  <^  <  +  tt),  we  have,  if  a?  =  aj  +  yt> 

a*+y"  =  Exp  [(x  +  yi)  {log  s  + 1(<^  +  2/7r)}], 

=  Exp  [{x  log  s-{<f>-\-  2t7r)y]  + 1 {y  log  s  +  (<^  +  2tir)x}\ 
=  exp  {x  log  5  -  (<^  +  2<7r)y } .  [cos  {y  log  5  +  (<^  +  2tTr)x} 

+  i  sin  {y  log  s  +  (<jf>  +  2^ir)a;}]     (1). 

If  we  put  /  =  0,  that  is,  take  the  principal  branch  of  Log  a,  in 
the  defining  equation,  then  we  get  what  may  be  called  the 
principal  branch  of  a^+J'*,  namely, 

a«+yi  =  Exp(2Loga), 

=  exp  {x  log5  -  <^y} .  [cos{ylog5  +  <^}  +  isin{y logs  +  <^}]   (2). 

The  value  given  in  (1)  would  then  be  called  the  ^th  branch, 
and  might  for  distinction  be  denoted  by  ^a^+y*  or  by  |Exp  J^x  +  yi). 

It  is  important  to  notice  that  the  above  definition  of  a^  agrees 
with  that  already  given  for  real  commensurable  values  of  z  provided  we 
take  the  corresponding  branches.     In  fact,  when  y  =  0,  (1)  gives 

a*  =  exp  {x  log  s) .  [cos  (<^  +  2<7r)a;  + 1  sin  (<jf>  +  2tT)x\ ; 
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that  is,  i(  x=plq, 

=  sPf9[cos.{<f>  +  2iir)p/q  +  %  Bin.{<f>  +  2t7r)p/q]     (3); 

the  right-hand  side  of  which  is  the  ^th  branch  of  the  left  as 
ordinarily  defined. 

Cor.  It  follows  from  the  above  thai  when  xis  an  incommensurable 
number  the  function  a^  has  an  infiniie  number  of  values  even  when 
both  a  and  x  are  real. 

The  principal  value  of  a*,  however,  when  both  a  and  x  are 
real  and  a  is  positive,  is  exp(a;loga),  which  differs  infinitely 
little  from  the  principal  value  of  a^,  if  a;'  be  a  commensurable 
quantity  differing  infinitely  little  from  x. 

§  21.]  The  Addition  Theorem  far  Log  z. 
By  the  result  of  §  19  we  have 

^Logw,  +  „Logw, 

=  log(mod  Wi)  +  log(mod  w^)  +  tamp  w,  +  tamp  w,  +  2{m  +  n)7ri. 

Now  (chap,  xii.,  §  15)  modi(?imodt(?j  =  mod(i(^it^g),  and,  if 
amp(wiW,)  were  not  restricted  in  any  way,  we  should  have 
amp  Wi  +  amp  w^  =  amp  (w^Wg).  Since,  however,  amp  {w^w^)  is  re- 
stricted in  the  definition  of  Log  (wiW^)  to  lie  between  -  v  and  ir, 
we  have 

amp  IT,  +  amp  «?,  =  amp  {w^w^  +  2/Mr, 

where  p  =  +  1,  0,  or  -  1  according  as  amp  w^  +  ampira>  +  v  lies 
between  +  x  and  -  ir,  or  <  -  ir.     Hence  we  have 

JLog  W,  +  nliOg  W,  =  „^+n+^Og  {w,  W,)  ( 1 ), 

where  p  is  as  defined. 

In  like  manner,  it  may  be  shown  that 

nJjOg  W,  -  nliOg  W,  =  ,».„+^L0g  {w,W,)  (2), 

where  p=  +1,  0,  or  -  1  according  as  amp  w^  -  amp  w^>  +  7ry 
between  +  w  and  -  w-,  or  <  -  ir. 

Taking  the  definition  of  a*+!'*  given  in  §  20,  and  making  use 
of  equation  (1)  of  that  paragraph,  we  have 
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iliog  iCF-^^  =  log  (mod  ta*+«^)  +  (amp  ^a^+v*'  +  2hr)i, 

=  a;  log  5  -  (<^  +  2/ir)y  +  {y  log  s  +  (<^  +  2tTr)x}i  +  2(*  +  Z)irt, 

where  Z  is  an  integer,  positive  or  negative,  chosen  so  that 

-  IT  <y  log«  +  (<^  +  2trr)x  +  2/ir  <  +  xr. 
Hence 

tLog  fjoF-^y^  =  (x  +  yO{log  s  +  (<^  +  2/ir)t}  +  2(A  +  /)wt, 

=  (a;  +  y»)  ^Log  a  +  2(^  +  i^t  (3). 

The  equations  (1),  (2),  (3)  are  generalisations  of  formulae  for 
logx  with  which  the  reader  is  already  familiar. 

If  we  confine  each  of  the  multiple-valued  functions  {Log  and 
tExpa  to  its  principal  branch,  we  have 

Log  a^+y*  =  (ic  +  yi)  Log  a  +  2W  (3'), 

where  Z  is  so  chosen  that 

-7r<ylog5  +  <^+ 2Z7r<  +7r. 

§  22.]  Expansion  of  tLog  (1  +  z)  in  powers  of  z. 
Consider  first  the  principal  branch  of  the  function  Log  (1  +  z). 
By  the  definition  and  discussion  of  §  20,  we  see  that,  when  x  is 
any  real  quantity,  the  principal  branch  of  (1  +  2?)*  has  for  its 
value  Exp  {x  Log  (1  +  z)}.     Hence  we  have 

{l+zy'=l+  {a; Log (1  +  z)}  +  {xLog (1  +  z)Yl2  !  +  .  .  . ; 

and,  since  the  series  1  +  ^x^n^  represents  the  principal  branch 
of  (1  +  z)^,  we  have 

l-{-2xCn^=l  +  {xLog(l+z)}+  ,  .  .     . 

Now  all  the  conditions  involved  in  the  reasoning  of  chap, 
xxviii.,  §  9,  will  be  fulfilled  here,  provided  the  complex  variable 
2;  be  so  restricted  that  mod0<  1. 

Hence,  if  mod0<  1,  we  must  have,  as  before, 

Log{l+z)=z-^l2+z''/3-z*/i+  .  .  .  (1). 

In  other  words,  so  long  as  mod z<l,  the  series  z  -  s^l2  +  2^/3  - .  .  . 
represents  the  pincipal  branch  of  Eoip~^{l  +  z). 

Cor.  Since  ^Log  (!+«)  =  Log  (l  ■\-z)  +  2/wt,  we  have 

tLog{l +z)  =  2tin  +  z- ^12  +  is^/S  - z*l^  +  .  .  .      (2), 
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which  gives  us  an  expansion  for  the  ^th  branch  of  Exp~^(l  +  z) 
within  the  region  of  the  ^^plane  for  which  mod  z<l. 

It  follows  readily,  from  the  principles  of  chap,  xxvi.,  §  9,  that 
when  mod  z=l  the  series  z  -  s^/2  +  sfjZ  -  ...  is  convergent, 
provided  amp  «  4=  ±  «•  (other  odd  multiples  of  ir  are  not  in  question 
here).  Hence,  by  the  theorem  of  Abel  so  often  quoted  already, 
the  expansion-formul®  (1)  and  (2)  will  still  hold  when  mod;?  =  1, 
provided  amp z^  ±Tr. 


GENERALISATION   OF  THE  CIRCULAR  FUNCTIONS — ^INTRODUCTION 
OF  THE  HYPERBOLIC  FUNCTIONS. 

§  23.]  Oenerai  definition  of  Cosz,  Sinz,  Tanz,  Cotz,  Secz, 
Cosecz.  Since  the  series  l-sf'/2  !  +  «7^!  -  .  .  ..z-^lV.  +  sfjb  I 
-  ...  are  convergent  for  all  values  of  z  having  a  finite  modulus, 
however  large,  they  are  each  single-valued  continuous  functions 
of  z  throughout  the  2;-plane.  Let  us  call  the  functions  thus 
defined  Cos  z  and  Sin  z,  using  capital  initial  letters,  for  the  pre- 
sent, to  distinguish  from  the  geometrically  defined  real  functions 
cosx  and  sinx.     We  thus  have 

GoQZ=^\-:^j2\  +  z'li\-  .  .  .  (1), 

Sin;^=;?-«'/3!  +  ^/5!-  .  .  .    ,  (2). 

We   also   define  Tanar,  Cot  2?,  Sec  2?,  Coseca?  by  the  following 
equations : — 

Tan  z  =  Sin  ;8;/Cos  z ;     Cot  z  =  Cos  sr/Sin  Z',\  .  . 

Sec  z  =  1/Cos  z ;      Cosec  z  =  1/Sin  z.         j  ^  ^' 

In  the  first  place,  we  observe  that  when  z  is  real,  =  x  say, 
we  have,  by  §  14, 

Cosa;=l -jB'/2!+a;7^!-.  .  .  =  cos{r, 
Sinaj  =« -aJ*/3! +a;7^-~-  •  .  =  sina:; 
so  that^  when  the  argument  is  real,  the  more  general  functions 
Cos.,  Sin.,  Tan.,  Cot.,  Sec,  Cosec.  coincide  with  the  functions 
COS.,  sin.,  tan.,  cot.,  sec,  cosec.  already  geometrically  defined 
for  real  values  of  the  argument 
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Since 

l''S^/2\  +  z*/i\-,  .  .  =  ^{Exp(i^)  +  Exp( -t>)}, 

z-sr/3l  +  ^/5\-.  .  .=^{Exp(i;?)-Exp(-tj)}, 


it  follows  from  (1)  and  (2)  that  we  have  for  all  values  of  z 

(4)* 


1  ^ 

Cos  2  =  ir{Exp  (iz)  +  Exp  ( -  iz)}. 

Sin  ^  =  2^{Exp  (t^)  -  Exp  (  - 12:)} ; 

with  corresponding  expressions  for  Tan  z^  Cot  z.  Sec  z,  and 
Cosec  z. 

By  (4)  we  have 
Cos  ^z  +  Sin ';? 

=  i[{Exp  {iz)Y  +  {Exp  ( -  iz)Y  +  2  Exp  (t^)  Exp  ( - 1?) 
-  {Exp  {iz)Y  +  Exp  {( -  iz)Y  -  2  Exp  (u)  Exp  (  -  w)]. 
Hence,  bearing  in  mind  that  we  have,  by  the  exponential 
addition  theorem, 

Exp  {iz)  Exp  {-'iz)  =  Exp  (10  -  izr)  =  Exp  0  =  1, 

we  see  that 

Cos'0  +  Sin'^=l  (5), 

from  which  we  deduce  at  once,  for  the  generalised  functions,  all 
the  algebraical  relations  which  were  formerly  established  for  the 
circular  functions  properly  so  called. 

We  also  see,  from  (4),  that  Cos {-z)  =  Cos z  and  Sin {-  z) 
=  -  Sin  z ;  that  is  to  say,  Cos  z  is  an  even,  and  Sin  z  an  odd 
function  of  z. 

Since,  by  (4),  we  have 

Cos  z-\-i  Sin  z  =  Exp  (i.e), 
Cos z-i  Sin  z  =  Exp  (  -  iz), 

*  These  formule  were  first  given  by  Euler.  See  InL  in  Anal.  Inf.,  t.  i., 
§  188.  He  gave,  however,  no  sufficient  justification  for  their  usage,  resting 
merely  on  a  bold  analogy,  as  Bernoulli  and  Domoivre  had  done  before  him. 
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it  follows  from  the  exponential  addition  theorem,  namely, 

Exp  (t?!  +  iz,)  =  Exp  (izi)  Exp  (iz^), 
that 

Cos  {z^  +Za)  +  i  Sin  (z^  +  z^  =  (Cos  z^  +  i  Sin  z^)  (Cos  z^-i-i  Sin  z^) 
=  (Cos  2?!  Cos  2r,  -  Sin  ;2fi  Sin  z^)  +  i  (Sin  2^1  Cos  z,  +  Cos  ^fj  Sin  z,)* 
Hence,  changing  the  signs  of  Zi  and  Zg,  and  remembering  that 

Cos  is  even  and  Sin  odd,  we  have 

Cos  (^1  +  Zt)-i  Sin  (^i  +  z^)  =  (Cos  z^  Cos  z^  -  Sin  z^  Sin  2:,) 

-  t(Sin  z^  Cos  0,  +  Cos  z^  Sin ;?,). 

Therefore,  by  addition  and  subtraction,  we  deduce 

Cos  {zi  +  Za)  =  Cos  Zi  Cos  z,  -  Sin  z^  Sin ;?, ;  )  ,  . 

Sin  (iTi  +  0.)  =  Sin  ^i  Cos  z^  +  Cos  «,  Sin  z^  j  ^  '' 

/n  o^A«r  twrtfe,  the  addition  theorem  for  Cos.  and  Sin,  in  genercU  is 
identical  with  that  for  cos.  and  sin. 

By  (6)  we  have 

Cos  {z  +  2nv)  =  Cos  z  Cos  2nv  -  Sin  z  Sin  2mr, 

that  is,    if   n  be   any   positive   or  negative    integer,   so   that 
Cos  2mr  =  cos  2mr  =  1,  and  Sin  2nir  =  sin  2mr  =  0,  then 

Cos  {z  +  27i7r)  =  Cos  z. 
In  like  manner.  Sin  (z  +  2n7r)  =  Sin  z ;  Tan  (;?  +  nir)  =  Tan ;? ;  &c. 
That  is  to  say,  the  Generalised  Circular  Functions  have  tlie  same 
real  periods  as  the  Circular  Functions  proper. 

Just  in  the  same  way,  toe  can  establish  all  the  relations  for  half 
and  quarter  periods  given  in  equations  (3)  of  §  2.  Thus,  for 
example, 

Cos  (Tr  +  z)  =  Cos  IT  Cos  z  -  Sin  r  Sin  z, 
=  cos  TT  Cos  z- sin  IT  Sin  z, 
=  -Cos«:. 
Also  all  the  eqmtums  (5),  (6),  (7)  of  %  2  wUl  hold  for  the 
generalised  functions ;    for  they  are  merely  deductions  from  the 
addition  theorem. 

*  We  cannot  here  equate  the  coefficients  oft,  &c.,  on  both  sides,  because 
Sin  (21+23),  &c,  are  no  longer  necessarily  real. 
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§  24.]  We  proceed  next  to  discuss  briefly  the  variation  of 
the  generalised  circular  functions. 

Consider  first  the  case  where  the  argument  is  wholly 
imaginary,  say  z  =  iy.     In  this  case  we  have 

Cos  {iy)  =  2  {Exp  (iiy)  +  Exp  (  -  %)}, 

-\{e-y^^)  (1)3 

Sin(iy)  =  ^.(e-y-e3'), 

j-iev-e-y)  (2). 

We  are  thus  naturally  led  to  introduce  and  discuss  two  new 
functions,  namely,  \{ey  +  e'y)  and  J(ei'-e~''),  which  are  called 
the  Hyberbolic  Cosine  and  the  Hyperbolic  Sine.    These  functions , 
are  usually  denoted  by  cosh^  and  sinh^;    so  that^  for   real 
values  of  y,  cosh  y  and  sinh  y  are  defined  by  the  equations 

coshy  =  ^(ey  +  g-y),     sinhy  =  ^(ey-«-«')  (3). 

In  general,  when  y  is  complex,  we  define  the  more  general 
functions  Cosh  z  and  Sinh  z  by  the  equations 

Cosh  z^\  {Exp  (z)  +  Exp  ( -  2r)}, 

Sinh  2  =  i  {Exp  (/)  -  Exp  ( -  z)]  (3'). 

We  also  introduce  tanh  y,  coth  y,  sech  y,  and  cosech  y  by  the 
definitions 

tanh  y  =  sinh  y/cosh  y,     coth  y  =  cosh  y/sinh  y ; 
sech  y  =  1  /  cosh  y,  cosech  y  =  1  /  sinh  y ; 

and  the  more  general  functions  Tanh  z,  Coth  Zj  &c.,  in  precisely 
the  same  way. 

From  the  equations  (1)  and  (2)  we  have 
Cos  (iy)  =  cosh  y,      Sin  {iy)  =  i  sinh  y ; 
Tan  (iy)  =  t  tanh  y,  Cot(iy)=  -icothy;         *       (4), 
Sec  (ty)  =  sech  y,       Cosec  (iy)=  -t  cosech  y; 
and,  of  course,  in  general,  Cos  i0  =  Cosh  ;&;,  &c 
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The  discussion  of  the  variation  of  the  circular  functions  for 
purely  imaginary  arguments  reduces,  therefore,  to  the  discussion 
of  the  hyperbolic  functions  for  purely  real  arguments. 

§  25.]  Variation  of  the  Hyperbolic  Functions  for  real  arguments. 
The  graphs  of  ^  =  cosh  a;,  ^  =  sinha;,  &c.,  are  given  in  Fig.  9  as 
foUows  :—        ^^gj^^^  g^.  g.^j^^  gQg. 

cotha;,  TTTT-,  tanhjc,  TTOTT; 
secha^  C'C;  cosechx,  S'S'S'S'. 

By  studying  these  curves  the  reader  will  at  once  see  the  truth 
of  the  following  remarks  regarding  the  direct  and  inverse  hyper- 
bolic functions  of  a  real  argument. 

(1)  cosh  a;  is  an  even  function  of  Xy  having  two  positive  infinite 
values  corresponding  to  aj  =  ±  oo ,  no  zero  value,  and  a  minimum 
value  1  corresponding  to  a;  =  0. 

cosh~^y  is  a  two-valued  function  of  y,  defined  for  the  con- 
tinuum llt>ylt>oo,  having  a  zero  value  corresponding  to  y=l, 
and  infinite  values  corresponding  to  y  =  oo ,  but  no  turning  value. 

(2)  sinh  X  is  an  odd  function  of  x,  having  a  zero  value  when 
a;  =  0,  and  positive  and  negative  infinite  values  when  aj  =  +  oo  and 
aj  =  -  00  respectively. 

sinh'iy  is  one-valued,  and  defined  for  all  valuea  of  y ;  it  has 
a  zero  value  for  y  =  0,  and  positive  and  negative  infinite  values 
when  y  =  +  00  and  =  -  oo  respectively. 

(3)  tanh  a;  is  an  odd  function,  has  a  zero  value  for  a;  =  0, 
positive  maximum  +  1,  and  negative  minimum  -  1,  corresponding 
to  a;  =  +00  and  x  =  -  oo  respectively. 

tanh'^y  is  a  one- valued  odd  function,  defined  for  -  1  :J>y:J>  +  1 ; 
has  zero  value  for  y  =  0,  positive  and  negative  infinite  values 
corresponding  to  y=  +1  and  y=  -  1. 

(4)  coth  X  is  an  odd  function,  having  no  zero  value,  but  an 
infinite  value  for  aj  =  0,  and  minimum  +  1,  and  maximum- 1, 
for  a;  =  +  oo  and  y  =  -  oo  respectively. 

coth~^y  is  a  one-valued  odd  function,  defined,  except  for  the 
continuum- l::^y::^  +  1,  having  positive  and  negative  infinite 
values  corresponding  to  y  =  +  1  and  y  =  -  1  respectively,  and 
a  zero  value  for  y  =  oo  . 
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(5)  sech  X  is  an  even  function,  having  a  maximum  +  1  for 
aj  =  0,  and  a  zero  value  for  a;  =  ±  oo . 

sech"V  is  a  two-valued  function,  defined  for  0:J>y:J>l,  having 
a  zero  value  for  ^  =  1,  and  infinite  values  for  ^  =  0. 

(6)  cosecha;  is   an   odd  function,    having   zero   values   for 
a;  =  ±  00 ,  and  an  infinite  value  for  aj  =  0. 

cosech"^y  is  one-valued  and  defined  for  all  values  of  y,  having 
zero  values  for  y  =  *  ^o ,  and  infinite  values  for  y  =  0. 
§  26.]  Logarithmic  expressums  for  cosh'^y,  sinh^^  &c. 
If  a;  =  cosh"^y,  we  have 

y  =  cosh  X  =  |(e*  +  e-')  (1). 

Therefore 

±  y/(f-l)  =  h{^-e-')  (2). 

From  (1)  and  (2), 

e*  =  y±  v/(y2-l). 

ITence 

x  =  \og{y±  s/(f-l)}; 

that  is,  cosh- V  =  log  {y  ±  ^/(y8  _  i)}  (3)^ 

the  upper  sign  corresponding  to  the  positive  or  principal  branch 
of  cosh'^y,  the  lower  sign  to  the  negative  branch. 
In  like  manner  we  can  show  that 

sinh-V  =  log{y+  N/(y'+l)}  (4); 

tanh-V=ilog{(l+y)/(l-y)}  (5); 

coth-V=ilog{(y+l)/(y-l)}  (6); 

sech-V  =  log[{l  ±  ^/(l  -!^}/y]  (7); 

cosech-V  =  log  [{1  +  ^/(l  +y")}/y]  (8). 

§  27.]  Properties  of  the  General  Hyperbolic  Functions  analogous 
to  those  of  the  Circular  Functions. 

We  have  already  seen  that  the  properties  of  the  circular 
functions,  both  for  real  and  for  complex  values  of  the  argument^ 
might  be  deduced  from  the  equations  of  Euler,  namely, 
Cos;2  =  i{Exp  (  +  t^)  +  Exp(  -  iz)}  A 
Sin0  =  l{Exp(  +  u)-Exp(-«r)}   |  ^   ^• 

In  like  manner,   the  properties  of   the  general  hyperbolic 
functions  spring  from  the  defining  equations 
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Co8h^  =  i{Exp(  +  ^)  +  Exp(-;^)};^ 

Sinh^  =  i{Exp(  +  ;^)-Exp(-;?)}    J      .  ^   ^' 

We  should  therefore  expect  a  close  analogy  between  the 
functional  relations  in  the  two  cases.  In  what  follows  we  state 
those  properties  of  the  hyperbolic  functions  which  are  analogous 
to  the  properties  of  the  circular  functions  tabulated  in  §  2.  The 
demonstrations  are  for  the  most  part  omitted ;  they  all  depend 
on  the  use  of  the  equations  (B),  combined  with  the  properties  of 
the  general  exponential  function,  already  fully  discussed. 

The  demonstrations  might  also  be  made  to  depend  on  the 
relations  connecting  the  general  circular  functions  with  the 
general  hyperbolic  functions  given  in  §  24,*  namely, 

Cosh  z  =  Cos  iz,  i  Sinh  z  =  Sin  iz ;       \ 

+  »Tanh;2f  =  Tant^,      -  i  Coth  ^r  =  Cot  t? ;        i       (C). 
Sech  z  =  Sec  iz,       -i  Cosech  z  =  Goseciz;] 

Algebraic  Belations. 

Cosh  *z  -  Sinh  *z=l,     Sech  *z  +  Tanh  'z  =  l'        (1 ), 
&c. 
Periodicity. — All  the  hyperbolic  functions  have  the  period 
2irt ;  and  Tanh  z  and  Coth  z  have  the  smaller  period  wi. 
Thus 

Cosh  (z  +  2w7rt)  =  Cosh  z;  &cA 

Tanh(0  +  n7rt)  =  Tanh2;;  &c,  J  ^  ^' 

Also, 

Cosh  (irt  ± ;?)  =  -Cosh;8f,       Sinh  (iri  ±  5?)  =  ipSinhar;     \ 
Cosh  (jTri  ±z)=  ±i  Sinh  z,   Sinh  (^iri  ±z)  =  i  Cosh  z ;     I  (3). 
T&nh{^7ri±z)=  dbCothe,    Goth  {^Tri±z)=  ±  Tanh;?  J     • 

Addition  Forrmdce, 
Cosh  (^i  ±  z^  =  Cosh  Zi  Cosh  z^  ±  Sinh  z^  Sinh  Zg ; 
Sinh  (zi  ±  z^)  =  Sinh  Zi  Cosh  z^  ±  Cosh  z^  Sinh  z^ ;  .(5). 

Tanh  {z,  ±  z^  =  (Tanh z,  ±  Tanh  5f.)/(l  ±  Tanh;?,  Tanh  z^. ) 

*  This  connection  furnishes  the  simplest  memoria  techniea  for  the  hyper- 
bolic formulae. 
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Cosh  z^  +  Cosh  z^=^2  Cosh  \{z^  +  z^  Cosh  \(z^  -  z^ ; ' 
Cosh  z^  -  Cosh ;?,  =  2  Sinh  \{z^  +  sr,)  Sinh  J(0^  -  z^ ;  }.(6). 
Sinh  z^  ±  Sinh  2f,  =  2  Sinh  ^{z^  ±  z^  Cosh  J(;?,  t  «.). 


Cosh  a,  Cosh  z^  =  \  Cosh  (^,  +  2,)  +  i  Cosh  (»,  -  2?,) ;' 
Sinh  2j  Sinh  z^  =  \  Cosh  (2,  +  «,)  -  i  Cosh  (2,  -  2,) ; 
Sinh  2,  Cosh  2,  =  J  Sinh  (2,  +  2^)  +  \  Sinh  (2,  -2^). 

Cosh  22  =  Cosh  "2  +  Sinh  '2  =  2  Cosh  "2  -  1, 

=  l+2Sinh'2  =  (l+Tanh"2)/(l-Tanh'2). 

Sinh  22  =  2  Sinh  z  Cosh  2  =  2  Tanh  2/(1  -  Tanh  '2). 
Tanh  22  =  2  Tanh  2/(1  +  Tanh  '2). 


(7). 


>(8). 


Inverse  Functions, — Regarding  the  inverae  functions  Cosh"^, 
Sinh'\  &c.,  it  is  sufficient  to  remark  that  we  can  always  express 
them  by  means  of  the  functions  Cos'\  Sin~\  &a  Thus,  for 
example,  if  we  have  Cosh'^  =  w?,  say,  then 

2  =  Cosh  w  =  Cos  iw. 
Hence  tw  =  Cos"'^2; 

that  is,  w=  -i Cos " h. 

So  that  Cosh'^2  =  -  i  Cos'^2 ; 

and  so  on. 

In  the  practical  use  of  such  formula,  however,  we  must 
attend  to  the  multiple-valuedness  of  Cosh"^  and  Cos"^  If,  for 
example,  in  the  above  equation,  the  two  branches  are  taken  at 
random  in  the  two  inverse  functions,  then  the  equation  will  take 
the  form 

Cosh"^2  =  2miri  ±  i  Cos"^2, 

where  m  is  some  positive  or  negative  integer,  whose  value  and 
the  choice  of  sign  in  the  ambiguity  ±  both  depend  on  circum- 
stances. 

§  28.]  *Formulce  far  the  Hyperholic  Functions  analogous  to 
Demoivre^s  Theorem  and  its  conseqtiences. 

We  have  at  once,  from  the  definition  of  Cosh  2  and  Sinh  z, 
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Cosh  (Zj  +  «,  + .  .  ^+Zn)^  Sinh  (z^  +  z^  +  ,  .  .  +  «») 

=  Exp  ±  (2,  +  ai,  +  .  .   .+Zn), 

=  Exp  ±  z^  Exp  ±  2f, . . .  Exp  ±  Zn, 

=  (Cosh  ar,  ±  Sinh  z^)  (Cosh  2,  ±  Sinh  «,) 

...  (Cosh  «„±  Sinh  «n)     (A); 
and,  in  particular,  if  n  be  any  positive  integer, 

Cosh  nz  ±  Sinh  nz  =  (Cosh  z  ±  Sinh  2)^  (B). 

These  correspond  to  the  Demoivre- formulae,  with  which  the 
reader  is  already  familiar.* 

We  can  deduce  from  (A)  and  (B)  a  series  of  formulae  for  the 
hyperbolic  functions  analogous  to  those  established  in  §  12  for 
the  circular  functions. 

Thus,  in  particular,  we  have 

Coah{z,+z,  +  ,  .  .+2«)  =  P«  +  P„.,  +  P„.,  +  .  .  .     (r), 
where  P^  =  2 Cosh z^  Cosh z^,, .  Cosh Zr Sinh Zr+\  •  •  •  Sinh Zn. 
Tanh  {z^  +  Zi^  .  .  .  +  Zn) 

=  (T,  +  T3  4-T,  +  .  .  .)/(l+T.  +  T,  +  .  .  .)     (3'), 
where  T^  =  2  Tanh  z^  Tanh  2, . . .  Tanh  Zr. 

Cosh  nz  =  Cosh  ^z  +  „C,  Cosh  ^'h  Sinh  h 

H-nC,  Cosh  »--»;r  Sinh  *^  +  .  .  .     (4'). 
Sinh  nz  =  nC,  Cosh  ""'h  Sinh  z  +  „C,  Cosh  ""^^  Sinh  ^z 

+  nC,Cosh»-52Sinh5^  +  .  .  .     (5'). 

Cosh7i^  =  (-)»/2Ji-^cosh2^  +  *^^^^^^^  .  . 

(-)■»>■ -^'>'-(:--^~^'>^  ■■.....  I OT, 

(?i  even) ; 

*  As    a    matter    of   history,    Demoivre    first    found    (B)  in  the    form 

y=J[l/\/{\/(l+^)-^}  -  y{V(l  +  ^)-'^}l  vhere  y  is  the  ordinate  of  P  in 
Fig.  10  below,  and  v  the  ordinate  of  Q,  Q  corresponding  to  a  vector  OQ  such 
that  the  area  AOQ  is  n  times  AOP,  and  OA  is  taken  to  be  1.  He  then 
deduced  the  corresponding  formula  for  the  circle  by  an  imaginary  transform- 
ation.    (See  Miaeellaiiea  Analytical  Lib.  II.,  cap.  i.) 
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Sinh  mj  sinh  2  =  ( -  )^""*^  -{  yj  cosh  z  — ^— ^-j — -  cosh  '^  +  .  .  . 

,     ,.n(n*-2«)...(m«-2s2)      ,  „ . ,  1,,,,, 

^->  -^^ (in)! ^«>«t'^-^i.  +  .  .  .|(11). 

(n  even) ; 
and  so  on. 

We  may  also  deduce  formulsB  analogous  to  those  of  §  13, 
such  as 

Sinh  2»*+i;2;  =  ^  {sinh  {2m  +  1)«  -  ^^,G,  sinh  (277i  -  1>  + .  .  . 

(-y^gw+iCmSinhs:}. 

§  29.  Fundamental    Inequality  and  Limit   Theorems  for    the 
Hyperbolic  Functions  of  a  real  argument. 
If  uhe  any  positive  real  quantity^  (hen 

tanh  u<u<  sinh  u  <  cosh  u  (1). 

By  the  definitions  of  §  24  we  have 

sinh  1/ =  J{exp  (tt)  -  exp  ( -  tt)} ; 

=  tt  +  i*73!+w75!  +  .  .  .  (2); 

coshn=l+u'/2\+u'/i\  +  .  .  .  (3); 

whence  it  appears  at  once  that  sinh  u>u. 

Again,  cosh  «  =  +  V(l  +  sinh  V),  so  that  cosh  u  >  sinh  u. 
Finally,  since 
tanh  u  =  sinh  tf/cosh  u 

=  u{l+u'/3\  +  uy6l  +  .  .  .)/(l+tt72!  +  tt74!  +  .  .  .), 
and  u'/3\<u'/2\,     w75!<i*74!,     &c., 

we  see  that  tanh  u<u. 

Cor.  /iPA({n  t*  =  0,  L  sinh  u/u  =  1,  arwi  L  tanh  u/u  =  1.  This 
may  either  be  deduced  from  (1)  or  established  directly  by  means 
of  the  series  (2)  and  (3). 

If  a  be  a  quantity  which  is  either  finite  and  independent  of  n  or 
else  has  a  finite  limit  when  n  =  oo ,  then,  when  n  =  oo , 

■■(««*;)"-'.  K-'-'j/i)"-!.  ^{<^irJ-'- 
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We  have 

Hence,  if  we  put  1  +  g-2«/«  =2-2z,  so  that  z  =  0  corresponds 
to  n  =  00 ,  then  we  have 

L  (cosh-)'*  =  e-  L  {(l -;2)-i/ir}«&/ioga-2^). 

Now,  L(l~x?)-i/^  =  e,  and  L2z/\og{l  -  2z)=:  -1.  Hence, 
by  chap.  XXV.,  §  13, 

Lfcosh^j    =e*e"»=l. 

We  leave  the  demonstration  of  the  second  limit  as  an  exer- 
cise for  the  reader.  The  third  is  obviously  deducible  from  the 
other  two. 

A  very  simple  proof  of  these  theorems  may  also  be  obtained 
by  using  the  convergent  series  for  cosh,  a/n  and  sinh.  a/n. 

§  30.]  Geometrical  Analogies  between  the  Circular  and  Hyper- 
bolic  Functions. 

If  ^  be  continuously  varied  from  -  tt  to  +  tt,  and  we  connect 
X  and  y  with  6  by  the  equations 

a;  =  acos^,     y  =  asin^  (1), 

then  we  have 

x'  +  i/'  =  a\coa  '6  +  sin  '6)  =  a'  (2). 

Hence,  if  (x,  y)  be  the  co-ordinates  of  a  point  P,  as  ^  varies  con- 
tinuously from  -IT  to  +  IT,  P  will  describe  continuously  the 
circle  A'AA"  (of  radius  a)  in  the  direction  indicated  by  the 
arrow-heads  (Fig.  10). 

Let  P  be  the  point  corresponding  to  6 ;  and  let  9  denote  the 
area  AOP,  to  be  taken  with  the  sign  +  or  -  according  as  ^  is 
positive  or  negative.  Then  G  is  obviously  a  function  of  6.  We 
can  determine  the  form  of  this  function  as  follows : — 

Divide  6  into  n  equal  parts,  and  let  P,,  P,, .  .  .,  Pr,  •  .  .  P 
be  the  points  corresponding  to  6/n,  20 /n,  .  .  .,  rO/n^  .  .  .  n6/n 
respectively.     Then  we  have,  by  the  lemmas  of  Newton, 

Area  AOP=  L     2  PrOP,.+,. 

n=oo  r=l 
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Fio.  10. 

Now 

PrOP.+  , 

=  OM^^.,P,+,  +  M,+,P,+,P,M,  -  OM,P„ 

=  i(«ryr+i-av+iyr)i 

=  Ja"{cos.  r6/n  sin.(r  +  l)6/n  -  ainsO/n  cos.  (r  +  l)^/n}, 

=  Ja'sin.^/n. 
Hence 

9  =  Jalinsiri.^/n, 

=  K^.  (3). 

Hence,  if  ^  =  29/a',  we  have  cos  ^  =  x/c^  sin  d  =  y/a,  tan  ^  =  y/z, 
cot  d  =  x/y,  &c 


let 
Then 


Next,  let  u  be  continuously  varied  from  -  oo  to  +  oo  ;  and 
x  =  acosht£,     y  =  asinhtt  (1'). 

a:"-y"  =  a'(co8h'w-sinh't*)  =  a'  (2'). 
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Hence,  if  (x,  y)  be  the  co-ordinates  of  P,  as  u*  varies  con- 
tinuously from  -  00  to  +  00 ,  P  will  describe  continuously  the 
ri^t-hand  branch  A'AA"  of  the  rectangular  hyperbola^  whose 


Fia.  11. 


semi-axis-major  is  OA  =  a,  in    the   direction  indicated  by  the 
arrow-heads  in  Fig.  11. 

If  P  be  the  point  corresponding  to  w,  P^,  P^+i  the  points 
corresponding  to  rujn  and  {r-i-l)u/n,  and  U  the  area  AOP 
agreeing  in  sign  with  u,  then,  exactly  as  before, 

*  Adopting  an  astronomical  term,  we  may  call  u  the  hyperbolic  excentric 
anomaly  of  P.  u  plays  in  the  theory  of  the  hyperbola,  in  general,  the  same 
part  as  the  eccentric  angle  in  the  theory  of  the  ellipse. 
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r=n 

U  =  i  L     2  (avyr+i  -  av+i^r)  J 

nssao  r=l 

and 

=  a*{cosh.rw/»sinh.(r  +  l)w/«  -  sinh. ru/n cosh. (r  +  l)u/n}, 
=  a' sinh, u/n. 

Therefore 

U  =  ^a*Ln  sinh.  w/n, 

=  Ja'wli(smh .  uln)l(u/n\    , 

=  Kw,         by  §29,  (3'). 

Hence,  if  the  area  AOP  =  U,  and  u  =  2U/a',  then,  x  and  y 
being  the   co-ordinates   of    P,    we   might   give   the   following 
geometric  definitions  of  cosh  w,  sinh  m,  &c.  : — 
cosh  u  =  ic/a,     sinh  u  =  y/a, 
tanh  M  =  y/ic,     coth  w  =  a;/y,  &c. 

It  will  now  be  apparent  that  the  h3rperbolic  functions  are 
connected  in  the  same  way  with  one  half  of  a  rectangular 
hyperbola,  as  the  circular  functions  are  with  the  circle.  It  is 
from  this  relation  that  they  get  their  name. 

We  know,  from  elementary  geometrical  considerations,  that  the  area  9  is 
the  product  of  ia^  into  the  number  of  radians  in  the  angle  AOP.  It  there- 
fore follows  from  (3)  that  the  variable  0  introduced  above  is  simply  the 
number  of  radians  in  the  angle  AOP.  Our  demonstration  did  not,  however, 
rest  upon  this  fact,  but  merely  on  the  functional  equation  cos '9  + sin  ^^=1. 
This  is  an  interesting  point,  because  it  shows  us  that  we  might  have  intro- 
duced the  functions  cos^  and  sin  9  by  the  definitions  cos  9= i {Exp  (i^) 

+  Exp  ( -  id)} ,  sin  ^ = 5-: {Exp  (i$)  -  Exp  ( -  id) } ;  and  then,  by  means  of  the 

above  reasoning,  have  deduced  the  property  which  is  made  the  basis  for  their 
geometrical  definition.  When  this  point  of  view  is  taken,  the  theory  of  the 
circular  and  hyperbolic  functions  attains  great  analytical  symmetry ;  for  it 
becomes  merely  a  branch  of  the  general  theory  of  the  exponential  function  as 
defined  in  §  18. 

When  we  attempt  to  get  for  u  a  connection  with  the  arc  AP,  like  that 
which  subsists  in  the  case  of  the  circle,  the  parallel  ceases  to  run  on  the  same 
elementary  line.  To  understand  its  nature  in  this  respect  we  must  resort  to 
the  theory  of  Elliptic  Integrals. 

§  31.]  Expression  of  Beat  Hyperbolic  Functions  in  terms  of 
Real  Cirmlar  Functions. 
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Since  the  range  of  the  variation  of  cosh  u  when  u  varies  from 
-  00  to  +  00  is  the  same  as  the  range  of  sec  0  when  d  varies 
from  -IT  to  +  TT,  it  follows  that,  if  we  restrict  6  and  u  to  have 
the  same  sign,  there  is  always  one  and  only  one  value  of  u 
between  -  oo  and  +  oo  and  of  $  between  -  tt  and  +  w  such  that 
cosh  t^  =  seed  (1). 

If  we  determine  6  in  this  way,  we  have 
sinh u=  ±  \/(cosh *m  -  1), 
=  ±  x/(sec"d-l); 
hence,  bearing  in  mind  the  understanding  as  to  sign,  we  have 
sinh  u  =  tan  0  (2). 

From  these  we  deduce 

e**  =  cosh  u  +  sinh  u, 

=  sec  ^  +  tan  ^  j 
u  =  log  (sec  6  +  tan  d), 
=  logtan(i7r  +  ii9)  (3). 

Also,  as  may  be  easily  verified, 

tanh  Jt*  =  tanjd^  (4). 

When  0  is  connected  with  u  by  any  of  the  four  equivalent 
equations  just  given,  it  is  called  the  Oudermannian  *  of  u^  and  we 
write  ^  =  gdu. 

*  This  name  was  invented  by  Cayley  in  honour  of  the  German  mathe- 
matician Gudermann  (1798-1852),  to  whom  the  introduction  of  the  hyperbolic 
functions  into  modem  analytical  practice  is  largely  due.  The  origin  of  the 
functions  goes  back  to  Mercator's  discovery  of  the  logarithmic  quadrature  of 
the  hyperbola,  and  Demoivre's  deduction  therefrom  (see  p.  282).  According 
to  Houel,  F.  C.  Mayer,  a  contemporary  of  Demoivre's,  was  the  first  to  give 
shape  to  the  analogy  between  the  hyperbolic  and  the  circular  functions.  The 
notation  cosh.  sinh.  seems  to  be  a  contraction  of  coshyp.  and  sinhyp.,  pro- 
posed by  Lambert,  who  worked  out  the  hyperbolic  trigonometry  in  consider- 
able detail,  and  gave  a  short  numerical  table.  Many  of  the  hyperbolic 
formulfiB  were  independently  deduced  by  William  WaUace  (Professor  of 
Mathematics  in  Edinburgh  from  1819  to  1838)  from  the  geometrical  pro- 
perties of  the  rectangular  hyperbola,  in  a  little  known  memoir  entitled  New 
Series  for  the  Quadrature  of  Conic  Sections  and  the  Computation  of  Logarithms 
{TraTis.  R.S,B.,  vol.  vi.,  1812).  For  further  historical  information,  see 
Gunther,  Die  Lehre  von  den  gewohnlichen  und  verallgemeinerten  Hyperhel- 
funktionen  (Halle,  1881) ;  also,  Beitrdge  zur  Oeschickte  der  Neueren  McUhematik 
{Programmschrift,  Ansbach,  1881). 
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It  is  easy  to  give  a  geometrical  form  to  the  relation  between  6  and  t^  If, 
in  Fig.  11,  a  circle  be  described  about  0  with  a  as  radius,  and  from  M  a 
tangent  be  drawn  to  touch  this  circle  in  Q  (above  or  below  OX  according  as  u 
is  positive  or  negative),  then,  since  MQ'=0M2-0(y=a^-a'=y^  we  have 
acoshi^=a;=asecQOM.  Therefore  QOM  =  ^,  and  we  have  ^=MQ=atan0. 
From  this  relation  many  interesting  geometrical  results  arise  which  it  would 
be  out  of  place  to  pursue  here.  We  may  refer  the  reader  who  desires  further 
information  regarding  this  and  other  parts  of  the  theory  of  the  hyperbolic 
functions  to  the  following  authorities : — Greenhill,  Differmlial  atvi  IiUegral 
Calculus  (Macmillan,  1886),  and  also  an  important  tract  entitled  A  Chapter 
in  the  Integral  Calculus  (Hodgson,  London,  1888) ;  Laisant,  ''Essai  sur  les 
Fonctions  hyperboliques,"  Mdm,  de  la  Soc.  Phys.  et  Nat.  de  Bordeaux,  1875  ; 
Heis,  Die  Hyperholischen  Funeiionen  (Halle,  1875).  Tables  of  the  functions 
have  been  calculated  by  Gudermann,  Theorie  der  Poteniial-  oder  Cyclisch- 
hyperholischen  Fu/nctionen  (Berlin,  1833) ;  and  by  Gronau  (Dantzig,  1863). 
See  also  Cayley,  Quarterly  Journal  of  Mathematics,  vol  xx. 


Exercises  XYII. 

(1.)  Write  down  the  values  of  the  six  hyperbolic  functions  corresponding 
to  the  arguments  ^Tt,  xi,  2iri, 

Draw  the  graphs  of  the  following,  x  and  y  being  real :  — 
(2. )  y = sinh  z/x,  (3. )  y=x  coth  x, 

(4.)  y=e^x.  (5.)  y=sinh-MV{«-l)}. 

(6.)  Express  Sinh~^2,  Tanh-^2,  Sech-^,  Cosech"^2  by  means  of  Sink's, 
Cos~^,  &C.  ' 

(7.)  Show  that  cosh  hb  -  sinh  ^=1  +  8  sinh  hi  cosh  hi, 

(8.)  Show  that 

4  cosh 'u  -  3  cosh  i^  -  cosh  3tt = 0 ; 

4  8inh^+3  sinh i«- sinh  3t£=0. 

(9.)  Show  that  any  cubic  equation  which  has  only  one  real  root  can  be 
numerically  solved  by  means  of  the  equations  of  last  exercise.  In  particular, 
show  that  the 'roots  of  a?-qx-r=0  are  \/{q/B) cosh u,  2\/(5'/8) (cos |ir 
cosh  u±i  sin  |flp  sinh  u),  u  being  determined  by  cosh  8t*=  Zr\/Zj2t^^, 

(10.)  Solve  by  the  method  of  last  exercise  the  equation  2^+62;+ 7  =  0. 

Express 

(11.)  tanh  -^iB+ tanh  -^  in  the  form  tanh  -'2. 
(12. )  cosh  -hi + cosh  "V  iu  the  form  cosh  "h, 
(13, )  sinh  -^x  -  sinh  -^  in  the  form  cosh  "h. 

Expand  in  a  series  of  hyperbolic  sines  or  cosines  of  multiples  of  t£ :— 
(14.)  Cosh^ftifc  (15.)  sinh^w.  (16.)  cosh^  Binh>, 
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Expand  in  a  series  of  powers  of  hyperbolic  sines  or  cosines  of  u : — 

(17. )  Cosh  lOu.  (18.)  sinh  7«. 

(19. )  cosh  6u  sinh  Zu,  (20.)  sinh  mu  cosh  nu. 

Establish  the  following  identities  :— 

(21. )  tanh  J(tt  +  r)  -  tanh  J(u  -v)=2  sinh  ^/(cosh  u + cosh  v). 

,„„.  sinh  (M-t?)  + sinh  M  + sinh  (m  +  v)     ^    , 

(22.)  -  — r  ; ;—    -  V — .  —  V  /  -;-  x=tanh u. 

cosh  (tt  -  r)  +  cosh  tt  +  cosh  (u + v) 

(23. )  tanh  u  +  tanh  ( Jxi  +  u)  +  tanh  (|xi + «)  =  8  tanh  8t*, 

cosh 2w + cosh  2v  +  cosh 2w  +  cosh  2( w +v  +  xo)=:iU  cosh ( p + w). 

(24. )  Tan  J(m  +  fr)  =  (sin  u+i  sinh  r)/(co8  u + cosh  v). 

(25. )  Express  Cosh  '(t*  +  iv)  +  Sinh  \u + iu)  in  terms  of  functions  of  u  and  v. 

Eliminate  u  and  v  from  the  following  equations : — 
(26. )  x=a  cosh  (w + X),     y = 6  sinh  (u + /*)• 
(27. )  y  cosh  u  -  SB  sinh  u=a  cosh  2u, 
y  sinh  u-^z  cosh  tt = a  sinh  2u. 
(28.)  a;=tanhtt  +  tanhr,    y=coth  w+cothv,     tA+i;=c. 

(29.)  Expand  sinh(ii+A)  in  powers  of  A. 

(30. )  Expand  tanh  "he  in  powers  of  z ;  and  deduce  the  expansions  of 
cosh  '^x  and  sinh  "^x.  Discuss  the  limits  within  which  your  expansions  are 
valid. 

(31.)  Given  sinh  u/u= 1001/1000,  calculate  u, 

«Og.i/ai»-i_  1 
(32.)  Show  that  the  series  2 -, is  convergent,  and  that  its  snm  is 

(ar»  +  l)/(j:5- 1)-  l/logjc  (Wallace,  Z.c.). 

(33.)  Prove  that  the  infinite  product  cosh  ^j  cosh  ^j  cosh  55  .  .  .  is  con- 
vergent, and  that  its  value  is  sinh  u/u. 

(84.)  Show  that 

,        _z-ar^  2  2_  2  , 

loga;-— g-  '^,7^^-vi-  aJ/4 + 3.-1/4 •  ^  +  ^-i^n  .  .  .  »a     . 

(Wallace,  I.e.). 
(85.)  If  l^.'^.^^-,,  .  .  .  ^^,  show  that  P.  differs 
from  1/loga;  (in  defect)  by  less  than 

{1  +  i(a:"^'+a^'^'^')}/3.4*^>P„. 

Evaluate  the  following  limits  :— 

(36. )  (sinh  a;  -  sin  aj)/r^,  a; = 0. 

(37. )  (sinh  hnx  -  sinh  '»w;)/(coshp!C  -  cosh  qx),  a;= 0. 

(38.)  (tan^-tanh%r)/(co8aj-cosha;),  aj=0. 
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Show  that,  when  A=0, 
(89. )  L  {cosh  a{x + A)  -  cosh  ax]  lh=a  sinh  ax. 
(40. )  L  {sinh  a{x +h)-  ainh  ax]  /h=a  cosh  ax. 
(41. )  L {tanh a{x + A)  -  tanh  cue} lh-=a  sech ^ax. 
(42. )  L {coth a{x + A)  - coth ax) lh=  -a  cosech ^ax. 

(48.)  Show  that 

^  coth  |i= coth  w  -  2  -  tanh  |;, 

1  *  1  w 

- = coth  M  -  2  —  tanh  .T-, 
u  1  2"  2" 

and  state  the  corresponding  formulse  for  the  circular  functions  (Wallace, 

Trans.  RS.K,  vol.  vi.). 

(44.)  From  the  formulse  of  last  exercise,  derive,  hy  the  process  of  chap. 

xxvii.,  §  2,  the  following : — 

^  coth "2"  =  coth ^-^^  tanh »|^, 


l,=coth'-u-2-^,tanh«|,. 


(Wallace,  Ic), 


In  the  following,  0  is  the  centre  of  the  hyperbola  aP/a^-y'^/b^=l;  A  one 
of  its  vertices ;  F  the  corresponding  focus  ;  P  and  P'  any  two  points  on  the 
curve,  whose  ezcentric  anomalies  are  u  and  u',  and  whose  co-ordinates  are 
{x,  y)  {xf,  y'),  so  that  x=a  cosh  it,  y=b  sinh  m,  &c.;  and  N  is  the  projection 
of  P  on  the  axis  a.     Show  that 

(45.)  AreaANP=ia6(8inh2M-2u). 

(46.)  Area  of  the  right  segment  cut  off  by  the  double  ordinate  of  P 

=  -  a;V(^  -a^)-ab  cosh  -'- , 
a  a 

-  x\J{a?  -  a^)  -  ai  log ^^-^^ * 

(47.)  Area  of  the  segment  cut  off  by  PP'=ia*  {sinh  (u'  -  u)  -  {u'  -  u)} . 
Express  this  in  tenns  of  x,  y,  x\  y'. 

(48.)  If  R  be  the  middle  point  of  PP',  and  OR  meet  the  h3rperbola  in  S, 
the  co-ordinates  of  S  are  {a  cosh  J(w  +  w'),  h  sinh  J(«  +  «')} . 

(49.)  OS  bisects  the  hyperbolic  area  POP'. 

(50.)  If  PP'  move  parallel  to  itself,  the  locus  of  R  is  a  straight  line  passing 
through  0. 

(51.)  If  PP'  cut  off  a  segment  of  constant  area,  the  locus  of  R  is  a 
hyperbola. 
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GRAPHICAL  DISCUSSION  OF  THE  GENERALISED  CIRCULAR 
FUNCTIONS. 

§  32.]  Let  us  now  consider  the  general  functional  equation 
w  =  Cos  Zf  or,  as  we  may  write  it, 

u  +  iv^  Cos  (z  +  yi)  (1), 

where  u,  Vy  ac,  y  are  all  real. 

Since  Cos  (x  +  y{)  =  Cos  x  Cos  yi  -  Sin  x  Sin  yi  =  cos  a;  cosh  y-i 
sin  X  sinh  y,  we  have 

tt  =  cos  a:  cosh  y,     r  =  -  sin  a:  sinh  y  (2) ; 

and  therefore 

tt7cos"a:-t;7sin"a;=l  (3); 

u'/cosh  'y  +  t;'/sinh  *y=l  (4).  , 
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Fio.  12. 

In  order  to  avoid  repetition  of  the  values  u  and  v,  arising 
from  the  periodicity  of  cos  x  and  sin  x,  we  confine  z,  in  the  first 
instance,  to  lie  between  the  axis  of  y  and  a  parallel  UCGCU  to 
this  axis  at  a  distance  from  it  equal  to  tt  (Fig.  1 2). 

If  we  draw  a  series  of  parallels  to  the  y-axis  within  this  strip, 
we  see,  from  equation  (3),  that  to  each  of  these  will  belong  half 
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of  a  hyperbola  in  the  to-plane  (Fig.  13),  having  its  foci  at  the 
fixed  points  F  and  G,  which  are  snch  that  OF  =  OG  =  1.  Thus, 
for  example,  if  in  the  ^r-plane  FP  =  Jtt  and  FQ  =  f tt,  then  to  the 
parallels  LPL,  NQN  correspond  the  two  halves  LPL,  NQN  of  a 
hyperbola  whose  transverse  axis  is  PQ  =  »J2, 
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To  the  parallel  MAM,  which  bisects  the  strip,  corresponds 
the  axis  of  v  (which  may  be  regarded  as  that  hyperbola  of  the 
confocal  system  which  has  its  transverse  axis  equal  to  0) ;  and 
to  the  parallels  KFK  and  UGU,  which  bound  the  strip,  corre- 
spond the  parts  KFK  and  UGU  of  the  t^axis,  each  regarded  as 
a  double  line  (flat  hyperbola). 

Again,  if  we  draw  parallels  to  the  ^axis  across  the  strip,  to 
each  of  these  will  correspond  one  of  the  halves  of  an  ellipse 
belonging  to  a  confocal  system  having  F  and  G  for  common  foci. 
Thus  to  BRDSC  and  BEDSC  equidistant  from  the  aj-axis  corre- 
spond the  two  halves  BKDSC  and  BKDSC  of  the  same  ellipse 
whose  semi-axes  are  cosh  y  and  sinh  y.  In  particular,  to  FPAQG 
on  the  a;-axis  itself  corresponds  the  double  line  (flat  ellipse) 
FPAQG. 

Thus,  to  the  whole  of  the  first  parallel  strip  between  KOK 
and  UU  corresponds  uniquely  the  whole  of  the  t^plane.  Hence, 
if  we  confine  oui*selves  to  this  strip,  (1)  defines  w  and  z  each  as 
a  continuous  one-valued  function  of  the  other.  To  each  succeed- 
ing or  preceding  strip  corresponds  the  t^^plane  again  taken  once 
over,  alternately  one  way  or  the  opposite,  as  indicated  by  the 
lettering  in  Fig.  12.  -«;  is  therefore  a  periodic  function  of  z, 
having  the  real  period  2ir ;  and  z  is  &  multiple-valued  function 
of  w  of  infinite  multiplicity,  having  two  branches  for  each  period 
of  w. 

The  value  of  z  corresponding  to  the  first  strip  on  the  right 
of  the  y-axis  is  called  the  principal  branch  of  Cos"^tr,  and  the 
others  are  numbered  as  usual.  We  therefore  have  for  the  /-th 
branch 

tCos-^w  =  ;?e  =  (<  +  i  +  (  -  y'''h)rr  +  (  -  yCos-'^w      (5), 

where  Cos"%  is  the  principal  value  as  heretofore;  and  Cos'^w 
=  x  +  yi,  X  and  y  being  determined  by  (3)  and  (4),  when  u  and  v 
are  given. 

It  should  be  noticed  that  for  the  same  branch  of  z  there  is 
continuity  from  B  to  B  not  directly  across  the  w-axis,  but  only 
by  the  route  BFB;  whereas  there  is  continuity  from  B  to  B 
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directly,  if  we  pass  from  one  branch  to  the  next.  This  may  be 
represented  to  the  eye  by  slitting  the  t^axis  from  F  to  +  oo  and 
from  G  to  -  00,  as  indicated  in  Fig.  13.  If  we  were  to  con- 
struct a  Kiemann's  surface  for  the  w-^lane,  so  as  to  secure  unique 
correspondence  between  every  ii^point  and  its  2:-point,  then  the 
junctions  of  the  leaves  of  this  surface  would  be  along  these  slits. 
The  reader  will  find  no  difficulty  in  constructing  the  model. 

Since  to  the  line  ELFPAQGU  (the  whole  of  the  ^^axis)  corre- 
sponds in  the  z-^haie  the  three  lines  KF,  FPAQG,  GU  taken  in 
succession,  we  see  that  as  w  varies  first  from  +  oo  to  1,  then  from 
1  to  -  1,  and  finally  from  -  1  to  -  oo ,  Cos'^w  varies  first  from 
00  i  to  0,  then  from  0  to  ir,  and  finally  from  tt  to  tt  +  oo  i ;  so 
that  an  angle  whose  cosine  is  greater  than  1  is  either  wholly  or 
partly  imaginary. 

§33.]  If  tt;  =  Sin2r,  say 

u  +  iv  =  Sin  (x  +  yi)  (1), 

then,  as  in  last  paragraph, 

tt  =  sin  a;  cosh  y,     t;  =  cos  a;  sinh  y  (2) ; 

tt'/sin  'x  -  //cos  'a;  =  1  (3)  j 

wycosh  'y  +  v'/sinh  'y=l  (4). 

The  graphical  representation  is,  as  the  student  may  easily 
verify,  obtained  by  taking  Fig.  13  for  the  t^-plane  and  Fig.  14 
for  the  3;-plane. 

We  have  also,  for  the  ^th  branch  of  the  inverse  function, 

eSin"%  =  Zi  =  tTr  +  (-y  Sin'^z^;, 

where  &in^ho  =  x  +  yi,  x  and  y  being  determined  by  equations 
(3)  and  (4),  under  the  restrictions  proper  to  the  principal  branch 
of  the  function. 

§  34.]  If  w  =  Tan;8r,  say 

u  +  iv  =  T2i,n{x  +  yi)  (1), 

then  (tt  +  iv)  Cos  {x  +  yi)  =  Sin  {x  +  yi), 

that  is, 

(tt  cos  X  cosh  y  + 1;  sin ^  sinh  y)  +  i(  ~  tt  sin  a;  sinh y  +  vcoax  cosh  y) 

=  sin  X  cosh  y  +  i  cos  a;  sinh  y. 
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Therefore 

u  cos  X  cosh  y  +  VQmx  sinh  y  =  sinx  cosh  y, 
-UBUix  sinh  y  + 1;  cos  a;  cosh  y  =  cos  a:  sinh  y. 

From  the  last  pair  of  equations  it  is  easy,  if  we  bear  in  mind 
the  formulflB  of  §  27,  to  deduce  the  following : — 
u  =  sin  2a;/(cos  2x  +  cosh  2y),   v  =  sinh  2y/(cos  2x  +  cosh  2y)     (2)  ; 
«*•  +  «•  +  2ttcot  2a;  -  1  =  0  (3) ; 

u'  +  if"  2«;coth  2y  +  1  =  0  (4). 

The  graphical  representation  of  these  results  is  given  by 
Figs.  16  and  16. 


Fio.  16. 

When  X  is  kept  constant,  the  equation  to  the  path  of  w  is 
given  by  (3),  which  evidently  represents  a  series  of  circles  passing 
through  the  points  (0,  +  1)  and  (0,  -  1). 

When  y  is  constant,  the  equation  to  the  path  of  w  is  (4), 
which  represents  a  circle  having  its  centre  on  the  v-axis ;  and  it 
is  easy  to  verify  that  the  square  of  the  distance  between  the 
centres  of  the  circles  (3)  and  (4)  is  equal  to  the  sum  of  the 
squares  of  their  radii,  from  which  it  appears  that  they  are 
orthotomic. 

If  we  consider  a  parallel  strip  of  the  2r-plane  bounded  by 
x=  -  ^TT,  aj  =  +  ^TT,  we  find  that  to  this  corresponds  the  whole 
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w-plane  taken  once  over.  The  corresponding  values  of  z  are 
said  to  belong  to  the  principal  branch  of  the  function  Tan"%. 

To  the  vertical  parallels  in  the  ^^plane  correspond  the  circles 
passing  through  I  and  I  in  the  t(vplane,  and  to  the  horizontal 
parallels  correspond  the  circles  in  the  w;- plane  which  cut  the 
former  orthogonally. 

It  should  be  noticed  that  I  and  I  in  the  w-yl&ne  correspond 
to  +  00  and  -  oo  in  the  direction  of  the  y-axis  in  the  sr-plane,  and 

U 


that  to  A  and  J  in  the  2:-plane  correspond  the  points  at  oo  on 
the  Vr  and  v-axes  in  the  w?-plane ;  also  that  there  is  no  continuity 
directly  across  IKoo  or  IKoo  in  the  i(?-plane,  except  in  passing 
from  one  branch  of  Tan~%  to  the  next. 

For  the  i-th  branch  of  the  inverse  function  we  have 

tT&n'hv  =  zt  =  tir  +  TdLTi-hv  (5), 

where  the  principal  value  Tan'^t^  is  given  by  TsLU'hv  =  x  +  yi, 
X  and  y  being  determined,  under  the  restrictions  proper  to  the 
principal  branch,  by  means  of  (3)  and  (4). 
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§  35.]  It  will  be  a  useful  exercise  for  the  student  to  discuss 
directly  the  graphical  representation  of  w  =  Secz,  w^GosecZy 
and  w  =  Cot  z.  The  figures  in  the  w-^l&ne  for  these  functions  may, 
however,  be  derived  from  those  already  given,  by  means  of  the 
following  interesting  general  principle. 

If  Z  be  any  z-j^nUh,  W  and  W  the  corresponding  w-paths  for 
w  =f{x  +  yi)  and  vf  =  llf{x  +  yi),  then  W  is  the  image  with  reject 
to  the  Vroxis  of  the  inverse  of  W,  the  centre  of  inversion  being  the 
origin  of  the  w-plane  and  the  radius  of  inversion  being  unity. 

This  is  easily  proved ;  for,  if  (p,  <^),  {p,  <t>)  be  the  polar  co- 
ordinates of  points  on  W  and  W  corresponding  to  the  point 
(«,  y)  on  Z,  then  we  have 

p(cos  <^  + 1  sin  <^)  =f{x  +  yt), 
/d'(cos  4/  +  i  sin  <^')  =  l//(a;  +  yt). 
Hence         /d(co8  <^  +  i  sin  </>)  =  l/p'(cos  <^'  +  i  sin  <^'), 

=  (l/p')(cos(-<^')  +  *sin(-<^'))- 
Therefore  p=l/p,  <!>=  -<t>\  which  is  the  analytical  expres- 
sion of  the  principle  just  stated. 

From  this  it  appears  at  once  that,  if  we  choose  for  our  standard  z-paths 

a  double  system  of  orthotomic  parallels  to  the  x-  and  y-axes,  then  the  to-paths 

for  w=Cotz  will  be  a  double  system  of  orthotomic  circles,  and  the  ■u'-paths 

for  w=Secz  and  tt;=Cosec2  a  double  system  of  orthotomic  Bicircular  Quartics. 

Example  1 .  If  i^ + m = Sec  (a; + yi),  show  that 

w = 2  cos  ic  cosh  y/(cos  2  aj + cosh  2y) ; 
1? = 2  sin  ic  sinh  y/(cos  2x + cosh  2y) ; 
{u^ + r*)* = uyaoa  hi  -  »*/sin  *«  ; 
( w^ + tr«)i = w8/cosh  «y + v»/8inh  Y 
Discuss  the  graphical  representation  of  the  functional  equation,  and  show 
how  to  deduce  the  ^th  branch  from  the  principal  branch  of  the  function. 

The  curves  represented  by  the  last  two  equations  are  most  easily  traced 
from  their  polar  equations,  which  are 

/)* = 2(cos  20  -  cos  2a;)/sin  '  2a;, 
/)*= 2(cosh  2y  -  cos  20)/sinh  ^2y, 
respectively. 

Example  2.  The  same  problem  for  tt+w=Cosec  [x+yi). 
Example  3.  The  same  problem  for  u+m=Cot{x+yi). 

§  36.]  Before  leaving  the  present  part  of  our  subject,  it  will 
be  well  to  point  out  the  general  theorem  which  underlies  the 
fact  that  to  the  orthogonal  parallels  in  the  2r-plane  in  the  six 
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cases  just  discussed  correspond  a  system  of  orthogonal  paths  in 
the  t^^plane. 

Let  us  suppose  that  f{z)  is  a  continuous  function  of  the  com- 
plex variable  z^  such  that  for  a  finite  area  round  every  point 
z  =  a  within  a  certain  region  in  the  2f-plane  f{z)  can  always  be 
expanded  in  a  convergent  series  of  powers  of  z-a^  so  that  we 
have 

f{z)  =f{a)  +  A,(^  -  a)  +  A,{z  -  a)'  +  .  .  .  (1), 

where  A^,  A^  .  .  .  are  functions  of  a  and  not  of  z. 

When  Ai  does  not  vanish,  the  point  a  is  said  to  be  an 
ordinary  or  non-singular  point  for  the  function  f{z).  If  Aj  =^  0, 
A,  =  0,  .  .  . ,  An«,  =  0,  A^  4=  0,  the  point  a  is  said  to  be  a  multiple 
point  of  the  nth  order. 

Then  we  have  the  following  general  theorem,  which  is  funda- 
mental in  the  present  subject. 

If  the  point  a  he  an  ordinary  point,  the  angle  between  any  two 
z-paths  emanating  from  a  is  the  same  as  the  angle  between  the  corre- 
sponding m-paths  emanating  from  the  point  in  the  w -plane  which 
corresponds  to  a. 

Proof — Let  z  be  any  point  on  any  path  emanating  from  a, 
(r,  6)  the  polar  co-ordinates  of  z  with  respect  to  a  as  origin,  the 
prime  radius  being  parallel  to  the  o^axis.  Let  w  and  b  be  the 
t«>-points  corresponding  to  z  and  a,  (p,  <^)  the  polar  co-ordinates  of 
w  with  respect  to  b.     Then  we  have 

/d(cos  <^  + 1  sin  </)) 

=  w-b=f{z)-f{a\ 

=  A,{z-a)  +  A^{z-ay+  .  .  ,,  by  (1), 

=  A,r(cosd  +  tsin^)  + A«/(cos^  +  isin^)'+  .  .  .     (2). 

Let  now  A^  =  ri(cos  a^  +  i  sin  a^),  A«  =  ra(cos  a,  +  *  sin  a^),  .  .  ., 
then  (2)  may  be  written 

p{coB  <l}  +  i  sin  <t>)  =  r^r{  cos  (a^  +  0)  +  i  sin  (a,  +  0)} 

+  r/{cos  (a,  +  20)  +  i  sin  (a,  +  20)}+  .  .  .     (3). 

Whence 

p  cos  <^  =  r^r  cos  (a,  +  6)  +  r^  cos  (a,  +  2^)  +  .  .  .      (4) ; 

p  sin  <^  =  r^r  sin  (a,  +  0)  +  r^  sin  (a,  +  2^)  +  .  .  .      (5). 
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In  the  limit,  when  r  and  consequently  p  are  made  infinitely 
small,  (4)  and  (5)  reduce  to 

(p/r)  cos  <t>  =  r^  cos  (a,  +  0),     (p/r)  sin  <^  =  r^  sin  (a,  +  0)     (6). 
Since  p  and  r  are  both  positive,  these  equations  lead  to 

p/r  =  Tj ,  and  <^  =  2^v  +  a^  +  0  (7). 

Hence,  if  we  take  any  two  paths  emanating  from  a  in  directions 
determined  by  0  and  0',  we  should  have  <f>-<fy  =  0-  0'^  which 
proves  our  theorem. 

We  see  also,  from  the  first  of  the  equations  in  (7),  that  if  we 
construct  any  infinitely  small  triangle  in  the  2-plane,  having  its 
vertex  at  a,  to  it  will  correspond  an  infinitely  small  similar 
triangle  in  the  t(;-plane  having  its  vertex  at  h. 

Hence,  if  we  establish  a  unique  correspondence  between  points 
(«,  v)  and  {x,  y)  in  any  two  planes  by  means  of  the  relation 

u  +  vi  =  f{x  +  yi)  =  x{x,  y)  +  ixp{x,  y\ 
then  to  any  diagram  J)  in  the  one  plane  corresponds  a  diagram  D'  in 
the  other  which  is  similar  to  J)  in  its  infinitesimal  detail. 

The  propositions  just  stated  show  that,  if  we  have  in  the  z- 
plane  any  two  families  of  curves  A  and  B  such  that  each  curve  of  A 
cuts  each  curve  of  ^  at  a  constant  angle  a,  then  to  these  correspond 
respectively  in  the  w-plane  families  A'  and  B'  such  that  each  curve  of 
A'  cuts  each  curve  of  B'  at  an  angle  a.  Since  the  six  circular 
functions  satisfy  the  preliminary  condition  regarding  the  function 
f(z  +  yi),  the  theorem  regarding  the  t*-»-curves  for  these  functions 
which  correspond  to  a;  =  const,  y  =  const  follows  at  once. 

If  the  point  « =  a  be  a  multiple  point  of  the  nth  order  for 
f(z),  then  the  above  cpnclusions  fail.  In  fact,  the  equations  (7) 
then  become 

and  we  have  <^  -  <^'  =  n{6  -  6'), 

In  this  case,  as  the  point  z  circulates  once  round  a,  the  point 
w  circulates  n  times  round  b.  That  is  to  say,  when  a  is  a  singu- 
lar point  of  the  nth  order  for  w,  b  ia  a,  winding  point  of  the  nth 
order  for  z;  and  the  Eiemafin's  surface  for  the  t(>-plane  has  an 
n-fold  winding  point  at  b.     We  have  a  simple  example  of  this  in 
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the  case  of  w-^^  already  discussed,  for  which  2:  =  0  is  a  triple 
point,  and  w  =  0  a  winding  point  of  the  third  order.  The  points 
w=  ^\  and  ;2r  =  rt  0  are  corresponding  points  of  a  similar 
character  for  w  -  cos  z. 

The  theorem  of  the  present  paragraph  is  of  great  importance  in  many  parts 
of  mathematics.  From  one  point  of  view  it  may  be  regarded  as  the  geomet- 
rical condition  that  0(^,  y) +i'x(^»  V)  "^^1  he,  according  to  a  certain  definition, 
a  function  of  a; +2^  In  this  way  it  first  made  its  appearance  in  the  famous 
memoir  entitled  Orundlagen  fUr  eine  allgemeine  Theorie  der  Functumen  einer 
verdnderlichen  eomplexen  Grosse,  in  which  Riemann  laid  the  foundations  of 
the  modem  theory  of  functions,  which  has  borne  fruit  in  so  many  of  the 
higher  branches  of  mathematics. 

From  another  point  of  view  the  theorem  is  of  great  importance  in 
geometry.  When  the  points  in  one  plane  are  connected  with  those  in 
another  in  the  manner  above  described,  so  that  corresponding  figures  have 
infinitesimal  similarity,  the  one  plane  is  said  by  German  mathematicians  to 
be  conform  ahgebildely  that  is,  conformably  represented  (Cayley  has  used  the 
phrase  " orthomorphic  transformation")  upon  the  other  ;  and  there  is  a  cor- 
responding theory  for  surfaces  in  general  Many  of  the  ordinary  geometrical 
transformations  are  particular  cases  of  this ;  for  example,  the  student  will 
readily  verify  that  the  equation  w=a^lz  corresponds  to  inversion. 

Lastly,  the  theory  of  conjugate  functions,  as  expounded  by  Clerk- 
Maxwell  in  his  work  on  electricity  (vol.  i  chap,  xii.),  depends  entirely  on  the 
theorem  which  we  liave  just  established.  In  fact,  the  curves  in  Figs.  12, 
13,  15,  and  16  may  be  taken  to  represent  lines  of  force  and  lines  of  equal 
potential ;  so  that  every  particular  case  of  the  equation  u  +  vi=f{x+yi)  gives 
the  solution  of  one  or  more  physical  problems. 


EXBBCISES  XVIII. 

(1.)  Discuss  the  variation  of  sin  'hi  and  sin  -Hv,  where  u  and  v  are  real, 
and  vary  from  -  00  to  +  00 . 

Draw  the  Argand  diagrams  for  the  following,  giving  in  each  case,  where 
they  have  not  been  ^ven  above,  the  tr-paths  when  the  z-paths  are  circles 
about  the  origin  and  parallels  to  the  real  and  imaginary  a^es  : — 

(2.)  w=logz,  (3.)  tt7=exp2. 

(4.)  w=QOBhz.  (5.)  w=taXLhz. 

(6. )  Show  that  cos  "^u + iv) = cos  -^U  -  i  cosh  -^  V ; 
sin  -^{u + iv) = sin  -^U + i  cosh  -^  V, 

where  2U=V{(w  +  l)'+^}-V{(«-l)'+^}, 
2V=V{(«  +  i)'  +  ^}+V{(w-l)^+«»}, 
the  principal  branch  of  each  function  being  alone  in  question. 
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(7.)  Show  that  the  principal  branch  of  tan-^M+it;)  is  given  by  X'{'yi, 
where  y = J  tanh  -^  {  2m/(m'  +  ij*  + 1)} ; 

and  a;=4tan-i{2w/(l-tt2_-D2)},ifu«+«a<l  ; 

=  ±Jx  +  Jtan-i{2ii/(l-tt«-tJ*)},ifMa  +  i;3>i, 

the  upper  or  lower  aign  being  taken  according  as  ia  is  positive  or  negative. 
(8. )  If  M + w = cot  (a: + yi),  show  that 

u = sin  2a:/(co8h  2y  -  cos  2x\    v—  -  sinh  2y/(co8h  2y  -  cos  2aj)  ; 
«»+v*-2ttcot2aj-l=0,     tt«+v»  +  2t;coth2y+l=0. 

(9. )  If  u+vi= cosec  (x  +  yi\  show  that 
tt = 2  sin  X  cosh  y/(co8h  2y  -  cos  2a;),     t;  =  -  2  cos  a;  sinh  y/(co8h  2y  -  cos  2ic) ; 
(tt« + v»)a = ttVcos  hi  -  t^»/sin  V,     («' + 1^)" = wVcosli  ^ + t^/sinh  Y 

Express  the  following  in  the  form  u  +  tn,  giving  both  the  principal  branch 
and  the  general  branch  when  the  function  is  multiple- valued  :— 
(10.)  Cosh -i(a;+yi).  (11.)  Tanh-i(a;+yi). 

(12.)  iLog{(a;+yi)/(aj-yi)}.  (13.)  LogSin(a;+yi). 

(14.)  (cos  ^+1  sin  d)*.  (15.)  Log«+</s(a;+yi). 

(16.)  Show  that  the  general  value  of  Sin -^(cosec  ^)  is  (^+J)x  +  i  log 
cot  \{tir  +  0\  where  t  is  any  integer. 

(17.)  Show  that  the  real  part  of  Exp,  { Log  (1  +  i)}  is  «-'*'«  cos  (Jx  log  2). 

(18. )  Prove,  by  means  of  the  series  for  Cos  0  and  Sin  6,  that  Sin  2^=2  Sin  ^ 
Cosd. 

(19.)  Deduce  Abel's  generalised  form  of  the  binomial  theorem  from  §§ 
20,  22. 

(20.)  Show  that 

l+m+n«Cia;+m+iuC8a!"+ .  .  .ad 00 

=  (l  +  a;)"[cos  {»log(l+ar)} +isin  {nlog(l+w)}]. 

(21.)  Show  that  the  families  of  curves  represented  by 

sin  X  cosh  y =X,     cos  a;  sinh  y =/x 
are  orthotomic. 

(22.)  Find  the  equation    to    the    family    of  curves    orthogonal  to   r^ 

C08  7l^  =  X. 

(23.)  Find  the  condition  that  the  two  families 

Aar'  +  2Bary+Cy2=X,     A»ar'+2Bia^  +  Cy=M 
be  orthotomic. 

SPECIAL  APPLICATIONS   OF  THE  FOREGOING  THEORY  TO  THE 
CIRCULAR  FUNCTIONS. 

§  37.]  In  order  to  avoid  breaking  our   exposition   of   the 
general  theory  of  the  elementary  transcendents,  we  did  not  stop 
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to  deduce  consequences  from  the  various  fundamental  theorems. 
To  this  part  of  the  subject  we  now  proceed ;  and  we  shall  find 
that  many  of  the  ordinary  theorems  regarding  series  involving 
the  circular  functions  are  simple  corollaries  from  what  has  gone 
before. 

Let  us  take,  in  the  first  place,  the  generalised  form  of  the 
binomial  theorem  given  in  §  15.  So  long  as  l+^mPn^^  is 
convergent,  we  have  seen  that  it  represents  the  principal  value 
of  (1  +  zy^.  Hence,  if  z  =  r  (cos  d  +  i  sin  6),  where  r  is  positive, 
and  -  7r:f>  ^:f>  4  TT,  we  have 

1  +  2^C„»'"(cos  nd  +  i  sin  nO) 

=  (1  +  2r  cos  ^  +  r^)^f^{coa  m<^  +  i  sin  m</)), 
where       -  ^Tr:!^<f>  =  t&n'^{r  sin  6/(1  +rcos  d)}:!f>  +  Jir. 
Hence,  equating  real  and  imaginary  parts,  we  must  have 
1  +  2^Cn^  cos  ne  =  (l  +  2r  cos  6  +  r^f^^  cos  m</>     (1) ; 
^wPnr^  sin  n^  =  (1  +  2r  cos  6  +  r^)^'^  sin  m<i>     (2). 
These  formulae  will  hold  for  all  values  of  m,  provided  r  <  1. 
When  r  =  1,  we  have 

<f>  =  tan-i{sin  ^/(l  +  cos  6)}  =  ^6, 
and  (1)  and  (2)  become 

1  +  2^Cn  cos  nO  =  2'''  cos»"^^  cos  ImO  (1'), 

2^C„  sin  nO  =  2"»  cos*^^^  sin  imO  (2'). 

These  formulae  hold  for  all  values  of  6  between  -  ir  and  +  tt,* 
when  m>  -I ;  and  also  for  the  limiting  values  -  ir  and  +  w 
themselves,  when  m  >  0. 

§  38.]  Series  for  cosm<f>  and  sinm<l>y  when  m  is  not  integral. 
If  in  (1)  and  (2)   of  last  paragraph  we  put  6  =  Jtt,  and 
r  =  tan  <^    so   that   <jf>   must   lie   between  -  \w   and  +  {it,    then 
(1  +  2r  cos  $  +  r2)'»/2  ^  sec'"</) ;  and  we  find 

cos  m<l>  =  cos"*<^l  -  ^Cj  tan'<jf>  +  ^64  tan*<^  -  •  •  •)     (3), 
sin  m<jf>  =  cos'"<^^C,  tan  <jf>-„iC8  tan  *<([>  +  .  .  .)  (4). 

*  Since  the  left-hand  sides  of  (1')  and  (2')  are  periodic,  it  is  easy  to 
see  that,  for  2pTr-7r>e>2fyir  +  T,  the  right-hand  sides  will  be  2'*cos"»i^ 
cos  ^i(0  -  2pir)  and  2"»  cos  »»i^  sin  im{d  -  2pv)  respectively,  where  2^  cos  "•J^, 
being  the  value  of  a  modalus,  must  be  made  real  and  positive. 
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Whence 

tan  m<^  =  -  — >^- -  « . —  ^7 — 4 . (5). 

1  -  mC,  tan  >  +  ^C*  tan  >  - .  .  .  ^  ' 

These  formulas  are  the  generalisations  of  formulae  (4),  (5),  (6) 
of  §  12.  They  will  hold  even  when  <f>  has  either  of  the  limiting 
values  ±  Jir,  provided  m  >  -  1 ;  ao  that  we  have 

2'"/2  cos  Irmr  =  1  -  ,^0,  +  mp4  - .  •  • ; 

2"»/2ginJm^  =  ^C,-^C,+  .  .  .    '. 

Since 

and  the  terms  of  this  series  are  ultimately  all  positive,  it  follows 
that  the  double  series  deducible  from  (3),  that  is  to  say,  from 
2)(-)*'t»C«.co8"*~2^<jf>sin*^</>  by  substituting  expansions  for  the 
cosines,  satisfies  Caudiy's  conditions  (chap,  xxvi.,  §  34),  for 
there  is  obviously  absolute  convergency  everywhere  under  our 
present  restriction  that  -  i^I|><^I|>  +  Jir. 

Hence  we  may  arrange  this  double  series  according  to 
powers  of  sin  <^. 

The  coeflBicient  of  ( - )''  sin  ^^<f>  is 


»=r 


2  (m-M)/«Cr-#  mC« 


«=0 


_rMm-2)  .  .  .  (m~2r+2)^ 

1.3  .  .  .  (2r-  1)  ^O'*-!)/*^*  («r-i)/«W-»- 

Now,  by  chap,  xxiii.,  §  8,  Cor.  5, 

2(nt- i)/«C,  (ar- i)/iiCr-,  =  (m+ar-aVgC,.. 

Hence  the  coefficient  of  ( -  )*"  sin  *''</)  is 

m{m  -  2)  .  .  .  (m  -  2r  +  2)  (m  +  2r  -  2)  .  .  .  (m+2)m 
1.3  ..  .  (2r-l)2  .  .   .  (2r-2)2r 


^m'(wi'-2')  .  .  .  (m'-2r-2') 
(2r)! 
Hence 

cos  m</)  =  1  -  —  sin  <jf>  +  -'sm  </>  -  .  .  .      (6). 
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In  like  manner,  we  can  show  that 

m   .     .     m(m*  -  1")  .  . . 
sm  m4>  =  rr  sin  </> ^—5- — -'  sm  </> 

+  -^ ^1^ ^inV-.  .  .     (7). 

Also 

cosm</>  =  cos</)-|  1 — -  sin'</) 

(m^-l^K-35   .   .  )      ,^. 

+  Jl ^sinV-..-!     (8); 

•       ^           ^  f ^  •    ^     7w(w'-2')  .   ,^ 
sm  TTKfi  =  cos  </>■<  —  sin  </> ^— ^-j — -  sin  <f> 

+  -^5^ 5^f -^mV-.  .  .  I      (9). 

The  demonstration  above  given  establishes  these  formulas 
under  the  restriction  -  i^^<l>^irr.  It  can,  however,  be  shown 
that  they  hold  so  long  as  -  i^^</>It>  J^ ;  that  is  to  say,  so  long 
as  the  series  involved  are  convergent 

Cauchy,  from  whom  the  above  is  taken,  shows  that  by 
expanding  both  sides  in  powers  of  m  and  equating  coefficients 
we  obtain  expansions  for  <^,  <f>\  <f>*,  &c.,  in  powers  of  sin  <^. 

Thus,  for  example,  we  deduce 

.     .      lsin'<i     1.3sin*<f>     1.3.5  sin '<f> 

If  we  put  z  =  sin  <^  this  gives 

1  a!*     1.3  a!*     1.3.5  a;' 
8m-ia;  =  x+2^+2--g+2^y  +  ...        (10). 

In  particular,  if  we  put  «  =  ^,  we  obtain 

from  which  the  value  of  ir  might  be  calculated  with  tolerable 
rapidity  to  a  moderate  number  of  places.  The  result  to  10 
places  is  IT  =3-1415926536  .... 
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The  important  series  (10)  for  expanding  sin  "^x  is  here  demonstrated  for 
values  of  x  lying  between  -  1/V2  and  +  1/V2.  It  can  be  shown  that  it  is 
valid  between  the  limits  aj=  - 1  and  aj=  + 1. 

The  series  was  discovered  by  Newton,  who  gives  it  along  with  the  series 
for  sin  x  and  cos  a;  in  powers  of  a;  in  a  small  tract  entitled  Analysis  per 
JSquationes  Numero  Terminorvmi  Infinitas.  Since  this  tract  was  shown  by 
Newton  to  Barrow  in  1669,  the  series  (10)  is  one  of  the  oldest  examples  of  an 
infinite  series  applicable  to  the  quadrature  of  the  circle. 

Example  1.  If  9n>0,  and 

C=2-«  2  „C«C08(m-2»)jc, 

S=2-«  2  mCn8in(m-2n){c, 
»=0 

C'=2-™  S  (-)»-i,»CnCos(m-2»)aj, 
«=0 

S'=:2-«  2  (-)'^^«C«sin(m-27i)a;, 

then,  p  being  any  integer, 

V.  C  =  (cos  «)"•  cos  2mpir,     S=(cosa!)"*sin27nfMr, 

from  x=  (2p  -  i)x  to  x=(2p  +  J)ir. 
2°.  C=(-cosa;)"»cosm(2/)+l)T,    S=(-cosaj)**8inm(2p+l)ir, 

from  05=  (2p + i)x  to  aj = (2p + 4)ir. 
3".  C = (sin  aj)«  cos  m{2p  +  i)r,    S' = (sin  «)"» sin  m(2p  +  J)ir, 

from  x=2pv  to  a:=(2p  +  l)ir. 
4^  C'=(-sina;)"»cosm(2/»  +  |)x,     S'=(-sinaj)"»sinm(2p+f)T, 

from  aj  =  (2/)  + 1  )ir  to  a: = (2p  +  2)r. 

These  formule  will  also  hold  when  m  lies  between  - 1  and  0,  only  that 
the  extreme  values  of  a;  in  the  various  stretches,  must  be  excluded.  (Abel, 
(Euvres,  t  i.,  p.  249.) 

If  we  multiply  (1')  and  (2')  above  by  cos  a  and  sin  a  respectively,  and  add, 
we  obtain  the  formulae 

cos  a  +  2toC«  cos  (a  -  n0) = 2"»  cos  "»J^  cos  (a  -  Jm^ + mpr), 
wherein  it  must  be  observed  that  cos  ^0  \b  the  modulus  of  (1  +  2r  cos  9 + r*)"^ 
when  r=l,  and  must  therefore  be  always  so  adjusted  as  to  have  a  real  positive 
value. 

From  the  equation  just  written,  Abel's  formulee  can  at  once  be  deduced  by 
a  series  of  substitutions. 

Example  2.  Show,  by  taking  the  limit  when  m=0  on  both  sides  of  (1) 
and  (2)  above,  that  the  series  (1)  and  (2)  of  §  40  can  be  deduced  from  the 
generalised  form  of  the  binomial  theorem. 

Example  3.  Sum  to  infinity  the  series  Zn'mOn  sin  "^  cos  n^.    This  series  is 
the  real  part  of  27i'«Cn  sin  "^  (cos  n$+i  sin  nd).    Hence 
S = R[27i»„Cn  sin  "^  (cos  ^ + 1  sin  ^)«], 
=R[{m»sin'^(cos5+i8in^)«+m(3m-l)sin2^(cos^+tsin^)2 

+  msin5(co8  5+isin^)}  { 1 +  sin ^ (cos ^+isin^)} "•-*], 
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by  Example  5  of  chap,  xxvii.,  §  5, 

+main  5  cos  {^+ (m- 3)0}](1 +28in  ^co8  ^+8iii*^)("^»)/», 
where  ^= tan-^  {sin  »^/(l  +  sin  ^  cos  ^)} . 

§  39.]  FormvlcB  deduced  from  the  Exponential  Series. 
From  the  equation 

^(cos  y  +  i  sin  y)  =  1  +  2(a;  +  yi)^lnl, 
putting  X  =  r  cos  ^,  y  =  r  sin  ^,  we  deduce 
g^«**{co8(r  sin  0)  +  i8in(r  sin  ^)}  =  1  +  2r'*(cosn^  +  isin  nO)/n  I 

Hence 

tf^-coatf  co8(r  sin  ^)  =  1  +  2?« cos nO/nl  (1) ; 

g'-coBfl  sm(r  sin  6)  =  2r«  sin  nO/nl  (2) ; 

which  hold  for  all  values  of  r  and  $. 

In  like  manner,  many  summations  of  series  involving  cosines 
and  sines  of  multiples  of  6  may  be  deduced  from  series  related 
to  the  exponential  series  in  the  way  explained  in  chap,  xxviii., 
§8. 

Thus,  for  instance,  from  the  result  of  Example  3,  in  the  paragraph  just 
quoted,  we  deduce 

2(l»+28+.  .  .+n»)a"/n!=/^**{rco8(^+r8in^)  +  }r»cos(2^  +  rsin^) 

1  +2r»cos(8^+r8in^)  +  ico8(4^+r8in^)}. 

§  40.]  FormvlcR  deduced  from  the  LogarUhmic  Series,  Since 
the  principal  value  of  Log(l+ar)  is  given  by  Log(l+;2) 
=  log  mod  {l+z)  +  i  amp  (1  +  «),  and  since  the  series  z  -  «'/2 
^-sfjZ-,  .  .  represents  the  principal  value  of  Log(l+5f),  if 
we  put  z  =  r(cos  ^  + 1  sin  6\  we  have 

log(l  +  2r  cos  ^  +  ry/2  +  f  tan  '\r  sin  ^/(l  +  r  cos  6) } 

=  2(  - )«- V»(cos  nS^-i  sin  n^)/n, 

where  -^ir:}>tan'^{rsin^/(l  +rcos^)}  J>^ir,  that  is,  the  prin- 
cipal value  of  the  function  tan  ~^  is  to  be  taken. 
Hence  we  have  the  following : — 

i  log(l  +  2r  cos  ^  +  ?^)  =  2(  - )»»- V  cos  ndln        (1); 
tan-H^sin^/(l  +rcos^)}  =  2(-)«-Vsinw^/n  (2). 
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Although,  strictly  speaking,  we  have  established  these  results 
for  values  of  6  between  -  ir  and  +  ir  both  inclusive,  yet,  since 
both  sides  are  periodic  functions  of  6,  they  will  obviously  hold 
for  all  values  of  6j  provided  r<  1. 

If  r  =  1,  (1)  and  (2)  will  still  hold,  provided  ^  4=  ±  ir ;  for  the 
series  in  (1)  and  (2)  are   both   convergent,  and  we  have,  by 
AbePs  Theorem, 
cos  ^  -  J  cos  2^  +  J  cos  3^  -  .  .  .  =  L  J  log(l  +  2r  cos  ^  +  /), 

=  log(2co8i^)  (3); 

sin  ^  -  I  sin  2^  +  J  sin  3^  -  .  .  .  =  tan  -^{sin  ^/(l  +  cos  6)}, 

=  tan-'i{tani(^  +  2A:3r)}, 
=  i^  +  ^  (4), 

where  h  must  be  so  chosen  that  ^B  +  kir  lies  between  -^^r 
and  +  ^w.  Thus,  if  6  lie  between  -  ir  and  +  tt,  ife  =  0,  and  we 
have  simply 

sin^- Jsin2^  + Jsin3^-.  .  .==\e  (4'). 

In  particular,  if  we  put  $  =  ^w,  we  get 

i^=l-^  +  i-|  +  i'TV  +  TV  +  .    .    .  (5), 

which  is  Gregory's  quadrature;  see  §  41. 

When  ^=±(2p  +  l)ir,  the  series  in  (3)  diverges  to  -oo,  and  the  right- 
hand  side  becomes  log  0,  that  is  -  oo ,  so  that  (3)  still  holds  in  a  certain 
sense. 

The  behaviour  of  the  series  in  (4)  when  ^=±(2p+l)ir  is  very  curious. 
Let  us  take,  for  simplicity ,  the  case  9=±«-.  With  this  value  of  d  we  have 
for  values  of  r  as  near  unity  as  we  please  tan-*{rsin^/(l+rcos^)}=0. 
Hence,  by  Abel's  Theorem,  when  0—±t,  sin^- Jsin2^+ .  .  .=0,  as  is 
otherwise  sufficiently  obvious. 

On  the  other  hand,  for  any  value  of  $  differing  from  ±ir  by  however  little, 

we  have  L  tan -^ {r  sin  ^/(l  +  r  cos  ^) }  =  \d.    Hence,  again,  by  Abel's  Theorem, 

r=l 
for  ^=  ^Tip^,  where  4>  is  infinitely  small,  we  have 

sin  ^  -  i  sin  2^  + .  .  .  =  ±  J^q: J0. 
The  series  y=8in  ^  -  i  sin  2^  +  .  .  .is  therefore  discontinuous  in  the  neigh- 
bourhood of  ^=±ir  ;  for,  when  ^=±ir,  y=0,  and  when  B  differs  infinitely 
little  from  ±ir,  y  differs  infinitely  little  from  ±ir/2.  This  discontinuity  is 
accompanied  by  the  phenomenon  of  infinitely  slow  convergence  in  the 
neighbourhood  of  r=l,  ^=±ir;  and  the  sudden  alteration  of  the  value  of 
the  sum  is  associated  with   the  fact  that  the  values  of  the  double  limits 
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L      L    tan'-^{rsin^/(l+rco8^)}   and    L       L  taii-^{r8m^/(l+rco8^)} 
r=l  B=±w  9-±w  r=:l 

are  not  alike. 

When  $  lies  between  x  and  Sir,  we  may  put  ^=2ir+^',  where  0'  lies  be- 
tween -  T  and  +ir,  then,  for  such  values  of  ^,  we  have 

y=8in^- J8in2^'  +  .  .  ., 
=^iO\  as  we  have  already  shown, 

Hence,  however  small  ^  may  be,  we  have,  for  ^=ir+ 0,  y=i^-  Jr.  But, 
as  we  have  just  seen,  for  ^=t  -  0  we  have  y=  -  J0  +  Jir.  Hence,  as  6  varies 
from  ir-^to  x+^,  y  varies  abruptly  from  -  J^+}x  to  i^-}ir.  In  other 
words,  as  d  passes  through  the  value  «-,  y  suffers  an  abrupt  decrease 
amounting  to  v,* 

We  have  discussed  this  case  so  fully  because  it  is  probably  the  first  in- 
stance that  the  student  has  met  with  of  a  function  having  the  kind  of  dis- 
continuity figured  in  chap,  xv.,  Fig.  6.  It  ought  to  be  a  good  lesson 
regarding  the  necessity  for  care  in  handling  limiting  cases  in  the  theory  of 
infinite  series. 

§  41.]  Gregory's  Series,     If  in  equation  (2)  of  last  paragraph 
we  put  6  =  Jtt,  we  deduce  the  expansion 

tan-V  =  r-|r^  +  ^-.  .  .  (6), 

where  tan  ~  V  represents,  as  usual,  the  principal  value  of  the  in- 
verse function,  and  -  l:}>r:}>l. 
In  particular,  if  r  =  1,  we  have 

T  =  4(l-i  +  i-.  .  .). 

The  series  (6),  which  is  famous  in  the  history  of  the  quadrature  of  the  circle, 
was  first  published  by  James  Gregory  in  1670 ;  and  independently,  a  few 
years  later,  by  Leibnitz.  About  the  beginning  of  the  18th  century,  two 
English  calculators,  Abraham  Sharp  and  John  Machin  (Professor  of  Astronomy 
at  Gresham  College),  used  the  series  to  calculate  «-  to  a  large  number  of  places. 
Sharp,  using  the  formulae  iir= tan -11/ V3=(l/V3) {1-1/3.8  + 1/5. 3«-.  .  .}, 
suggested  by  Halley,  carried  the  calculation  to  71  places ;  that  is,  about 
twice  as  far  as  Ludolph  van  Ceulen  had  gone.  Machin,  using  a  formula  of 
his  own,  for  long  the  best  that  was  known,  namely,  }ir = 4  tan-^l/S  -  tan-il/239, 
went  to  100  places.  Euler,  apparently  unaware  of  what  the  English  calcu- 
lators had  done,  used  the  far  less  effective  formula  lir=tan-4  +  tan-4. 
Gauss  {Werke,  Bd.  ii.,  p.  501)  found,  by  means  of  the  theory  of  numbers, 
two  remarkable  formula  of  this  kind,  namely : — 

iir = 12  tan  -n/18  +  8  tan  -^1/57  -  5  tan  -11/239, 

=  12  tan -11/38  +  20  tan -11/67  +  7  tan -11/239  +  24  tan -11/268, 

*  The  reader  should  now  draw  the  graph  of  the  function  y,  for  all  real 
values  of  0. 
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by  means  of  'which  ir  could  be  calculated  with  great  rapidity  should  its  valuo 
ever  be  required  beyond  the  707th  place,  which  was  reached  by  Mr.  Shanks 
in  18781* 


Exercises  XIX. 

Sum  the  following  series  to  infinity,  pointing  out  in  each  case  the  limits 
within  which  the  summation  is  valid  : — 

a.)l-|c<»«  +  |^C092»-ll|^c<»S«+.  ..     . 
,„  .     cosff.l      -cosStf  .  1.3  .oos69  , 

,^.co8^    IcosSg    1.8  COS  6^ 

result  }  COS  -^(l  -  2  sin  $). 
(4.)  S(27i-l)(2?i-8)co8n^/7iI  (5.)  2sinn^/(»+2)n! 

(6.)  «"*8in^-i«-**sin3^  +  ie-^sin5^-.  .  .    . 
(7.)  sin  ^-"^T-^  sin  2^ +  5—7  sin  8^-.  .  .     . 

(8.)  sin«^-}sin«25  +  Jsin"3^-.  .  .; 

result  i  log  sec  6. 
(9.)  2cos2n^/n(«-l).  (10.)  Ssinn^/Cn^-l). 

(11.)  ^sin^sin5-Jsin2^sin'5  +  48in'8^sin*^-.  .  .  . 
(12.)  cos(a  +  /3)-cos(a  +  3/3)/8!  +  co8(a  +  6/3)/6!-.  .  .  . 
(18.)  cos5-ico82^  +  Jcos3^-.  .  .  ; 

result  i  log  (2  +  2  cos  d)y  except  when  d={2p  +  l)ir. 
(14.)  co8^+Jcos2^  +  ico83^+.  .  .  ; 

result  -  J  log  (2  -  2  cos  B),  except  when  6=^2pir. 
(15.)  sin^  +  isin2^  +  Jsin8^+.  .  .; 

result  =0,  if  ^=0;  =i(ir-d),  if  0<^*>ir  ;  &c. 
(16.)  sin^-isinS^+isinS^- .  .  .     . 
(17.)  ajcos^-Ja^'cosS^+to'cosSd-.  .  .  ; 

result  i  tan  -^  {2x  cos  61(1  -aP)}, 
(18.)  cos^cos0-icos2^co8  20+icos3^co8  80-.  .  .; 

result  J  log  {4  cos  US + 4>)  cob  i  {$  -  ip)\ . 
(19.)  sccos^cos^-iaj'cosS^cosS^+iiB'cosS^cosS^- .  .  .  ; 
result  J  tan -> [4a<l  -  x»)  cos  ^  cos  0/ {(1  +  a;*^)' -  4ar' (cos  »^  -  cos  V)}  ]. 

(20.)  Show  that  log  (1  +  a;  +  jc*)  =  22(  -  )"-*  cos  JwTa?"/?i,  provided  mod 
x<l,  and  examine  whether  the  result  holds  when  modar^l. 

*  For  the  history  of  this  subject  see  Ency,  Brii.,  art.  "Squaring  the 
Circle,"  by  Muir. 
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(21.)  Show  that,  under  certain  restrictions  upon  0, 

log  (1  +  2  cos  ^)  =- 22  cos  Jnir  cos  n^/n ; 
^=  -  S  cos  inx  sin  nBjn. 
(22.)  Show  that 

JL.-14.1_1      l4.l4.i_J__la. 

2V2""    '^"3    6"7"*"9"*"ll     12    IS"*"'  '  '     * 

(Newton,  Second  Letter  to  Oldenburg,  1676.) 


EXEROIBES  XX. 

(1. )  Calculate  «-  to  10  places  by  means  of  Machin's  formula. 

(2.)  Show  that,  ifa;<l, 
(tan-^)« 

=a!»-(l  +  l/8>p*/2+.  .  .  (-)«-i{l  +  l/3+.  .  .+l/(2»-l)}aA«/n  .... 
Does  the  formula  hold  when  a;=l  ? 

(8.)  Expand  tan-^(a;+coto)  in  powers  of  sc 

(4.)  Deduce  the  series  for  sin~^  from  Gregory's  series  by  means  of  the 
addition  theorem  for  the  binomial  coefficients. 

(5.)  If  a;  lie  between  l/V^  ^^^  h  ^^^^  that 

3i^-i^-^    V(l-x»)f       ll-;r»    l(l-a^)«  | 

(6.)  Show  that  §  38  (10)  is  merely  a  particular  case  of  (7). 
(7.)  Show  that 

-^  =  sin^  +  |sin»^  +  |48in»^  +  |4^8in'^  +  .  .  .    . 
cos^  3  3.6  8.5.7 

(Pfaff.) 

/ftx  l^-BJn'^     2  8in*g     2.4  8in»g        » 

^^•'' 2  2     "^8      4     '*'8.6     6     ■*■"  (Stainville. ) 

(9.)  ^  =  sin»tf+j.  ^(l+^j)  8in'<?+.  .  . 

.8.5...  (271-1)     8     /.     1  1       \  .   wi- 

(10.)  ^  =  sin«^+^.|^l  +  i^8in«^+.  .  . 

.  4.6...(2w-2)2/,      1  .  .       1      \  .    a./,. 

+6:77:7-(2^-i);i(^+25+-  •  •^rn^O'"'^''-  •  •  • 

(11.)  Deduce  from  §  88  (6)  and  (7)  an  expression  for  ^/sin"*^  in  powera 
of  sin  0. 

.  (12.)  If  sin  ^=a;  sin  (0 + a),  show  that  ^ + nr = 2aJ»  sin  na/n. 
(13.)  If  (;«=a3-2a6cosC  +  J>,  then 

logc=loga-(6/a)cosC-i(6/a)»co82C-J(6/a)'co83C-.  .  .     . 

(14.)  Show  that 

w-3    (n-4)(n-5)    (7i-6)(n-6)(n-7)  ^l  +  (-)"+^2cosinT. 

2    "*"         2.3         "  2.8.4  '^'  *  '  n 
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Show  that 
(16.)*  ^=  =  sm«^  +  2»sin*|  +  2*sm4|j  +  2«8m*|,+  .  .  .    . 

(16.  )•  u«  =  sinh  »M  -  2«  sinh  *|  -  2*  sinh  *^  -  2«  sinh  *^  + . 


(17.)*  j^=8in^  +  3  8in8|  +  3«8in»^+.  .  .    . 
(18.)*  J  Bin  ^  =  ^^^—i  sin  3«»^  +  S  ~::j  sin  ^^^0. 
(19.)*?co8^=li^l^co8»8«-'^. 


*  See  Laisant,  "Essai  sur  les  Fonctions  hyperboliques,"  M^m,  de  la  Soc 
de  Bordeaux,  1875. 
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CHAPTEE   XXX. 

General  Theorems  regarding  the  Expansion  of 
Functions  in  Infinite  Forms. 

EXPANSION   IN   INFINITE  SERIES. 

§  1.]  Cauchi/s  Theorem  regarding  the  Eoopansion  of  a  Function  of 
a  Function, 

If 

y  =  ao  +  2anaf»  (1), 

the  series  being  convergent  so  long  as  modx<'Ry  and  if 

z^h.-^'ZhrCr  (2), 

this  series  being  convergent  so  long  as  mody<S,  then  from  (!)  and  (2) 
we  can  derive  the  expansion 

provided  x  be  such  thai  modx<'Eiy  and  also 

mod  tto  +  2  mod  a^  (mod  x)^<  S. 

This  theorem  follows  readily  from  chap,  xxvi.,  §§14  and  34. 
We  have  already  used  particular  cases  of  it  in  previous  chapters. 

§  2.]  Expansion  of  an  Infinite  Product  in  the  form  of  an  Infinite 
Series. 

If  2wn  J^  ^^  absolutely  convergent  series,  and  „2w,,  n^i'^sy  •  •  •> 
nSttjVg . . .  TV,  .  .  .  denote  the  sums  of  the  products  of  its  first  n  terms 
taken  one,  two,  .  .  ,,  r,  ,  ,  .,  at  a  time,  then 

L  n2t^i  =  T„     L  n2u,w,  =  T„    .  .  .,    L  n2tt,W,.  . .  m^  =  T^,  .  .  . 

nsoo  n=:oo  n=Qo 

where  T„  T„  .  .  .,  T„  .  .  .  are  aUfinUe, 

Also  the  infinite  series  1  +  YT^  is  convergent ;  and  converges  to 
the  same  limit  as  the  infinite  product  11(1  + 1*„). 
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After  what  has  been  laid  down  in  chap,  xxvi.,  it  will 
obviously  be  suflficient  if  we  prove  the  above  theorem  on  the 
assumption  that  all  the  symbols  t^j,  i^,,  .  .  .,  t^,  .  .  .  represent 
positive  quantities.  In  the  more  general  case  where  these  are 
complex  numbers  the  moduli  alone  would  be  involved  in  the 
statements  of  inequality,  and  the  statements  of  equality  would 
be  true  as  under. 

Since  Ui,  u^,  .  .  .,  Un,  .  .  .  are  all  positive,  we  see,  by  the 
Multinomial  Theorem  (chap,  xxiii,  §  12),  that 

0  <«SttiM,  .  .  .  Mr  <  (Wi  +  Wa  +  •    •   •  +  ^n)V^  ^ 

<  («!  +  Mb  +  .  .  .+Un  +  .  .  .  ad  00  )7r ! 
<SVr!,  (1), 

where  S  is  the  finite  limit  of  the  convergent  series  2m«  ;  and  the 
inequality  (1)  obviously  holds  for  all  values  of  r  up  to  r  =  n, 
however  great  n  may  be. 

Therefore  n^Wi^, . . .  w^  has  always  a  finite  limit,  T^  say,  such 
that 

0>T,.>SVr!  (2). 

By  (2),  we  have 

0  <  1  +  T,  +  T,  + .  .  .  ad  00  <  1  +  S/1  !  +  S72  !  + .  .  .  ad  00 , 
that  is, 

0<l+iTn<e8  (3). 

1 

Hence  1  +  2T„  is  a  convergent  series,  whose  limit  cannot 
exceed  ^. 

Again,  since  Ln^WiM, . . .  t^  =  T^  when  71  =  00 ,  we  may  write 

n2Witt,...i«r  =  (l+rAn)Tr  (4). 

where  LrAn  =  0  when  71=00. 

Hence,  A«  being  a  mean  among  iA„,  gA^,  .  .  .,  n^i  and 
therefore  such  that  LA^  =  0  when  n  =  00 ,  we  have 

n 
n(l  +  Mn)  =  1  +  «2Wi  +  n2M,tt,  +  .    .    .  +  n2Wi^  •  •  •  % 

=  l+(l+A^)2Tn      (5). 
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If  in  (5)  we  put  w  =  oo ,  we  get 

n(l +!.„)=  1+L{(1+A^)2T^}, 

=  1+2T„  (6), 

00  1 

since  LA«  =  0,  and  ST^  is  finite. 
1 

This  completes  the  proof  of  our  proposition. 

Cor.  1.  If  2w^  he  absolutely  convergent,  then,  T„  having  tlie  above 
meaning,  1  +  2ic'»T„  wUl  he  convergent  for  all  finite  values  of  x  ;  and 
we  shaU  have 

n(l+im„)=l+2x«Tn  (7). 

This  follows  at  once  by  the  above,  and  by  chap,  xxvi.,  §  27. 
Cor.  2.  Let 

'ti'n  =  n^o  +  nViX  +  nV^  +  '    -   -  (8), 

where  n%,  n^i,  &c.,  are  independefd  of  x,  and  the  series  on  the  right 
of  (8)  may  either  terminate  or  not ;  and  let 

%'  =  mod  nVo  +  mod  ^^^  (mod  x)  +  mod  f^v^  (mod  «)*  +  .  .  .  (9). 

Then,  if  ^u^  be  convergent  for  all  values  of  x  such  that  modx<p, 
it  follows  that  for  all  such  volumes  11(1  +  %)  ts  convergent,  and  can  be 
expanded  in  a  convergent  series  of  ascending  powers  of  x. 

For,  if  Tn  have  the  meaning  above  assigned  to  it,  then  it  will 
obviously  be  possible  to  arrange  T^  as  an  ascending  series  of 
powers  of  x.  Moreover,  if  we  consider  the  double  series  that 
thus  arises  from  1  +  2T„,  we  see  that  all  Cauchy's  conditions 
(see  chap,  xxyi.,  §  35)  for  the  absolute  convergence  of  this 
double  series  are  satisfied.  Hence  we  may  arrange  1  +  YT^  ^  & 
convergent  series  of  ascending  powers  of  x. 

Example  1.  To  expand  (l+a!;)(l+a')(l  +  aj*)(l  +  a:*)  .  .  .  in  an  ascending 
series  of  powers  of  a;.     (Euler,  Introd.  in  Anal.  In/.f  §  328). 

The  series  2(moda:)^"  is  obviously  convergent   so  long  as  moda;<l. 
Hence,  so  long  as  moda;<l,  we  may  write 
(l  +  a;)(l+ar»)(l  +  a?*)(l+a^).  .  .  =  1  +  Cia;+Caaj»  +  .  .  ,  +  C^'+.  .  .  (10). 

To  determine  the  coefficients  Ci,  C2,  Cn,  we  observe  that,  if  we  multiply 

both  sides  of  (10)  by  1- a:,  the  left-hand  side  becomes  L  (l-o^  ),  that  is, 

n=to 
1,  since  mod  a;  <  1.     We  must  therefore  have 

l/(l-a;)  =  l  +  Ciaj+CVc"+.  .  .+C^+,  .  ., 


Digitized  by 


Google 


316  PRODUCTS  OF  ETJLER  AND  CAUGHT  CHAP. 

that  is, 

l+a;+a?+.  .  .+a?«+.  .  .  =  1  +  Ciaj+C8a^+.  .  .+C„aj"  +  .  .  ., 
therefore  Ci=Cs=.  .  .=0,=  .  .  .=1. 

Another  way  is  to  put  7?  for  x  on  both  sides  of  (lO),  and  then  multiply  by 
(1+a;).    We  thus  get 

l+SC„ar»=l+a:+Cia*+.  .  . -h €„»:*•  + Car^^  + .  .  .; 
whence  Cs»=C2,H-i=Cn,     Ci  =  l, 

from  which  it  is  easy  to  prove  that  all  the  coefficients  are  unity. 

Example  2.  To  show  that 
(l+a»)(l+a5*«). .  .(l+af»a!) 

'\:i        {\-x)(\-7?).,.{\-7^)       "^        "^    ^'^• 
(Cauchy,  Comptes  BeTidus,  1840.) 
Let 

(l+a»)(l+jB%)...(l+af»2) 

=  1  +  Aiz+A^  +  .  .  .+A»a!-+.  .  ,+A„^    (2), 

where  Ai,  Aji  .  .  .  are  functions  of  a;  which  have  to  be  determined. 

Put  xz  in  place  of  z  on  both  sides  of  (2),  then  multiply  on  both  sides  by 

(l+xz)l{l+7f*+h),  and  we  get 

{l  +  xz)(l+xh) ,  . .  (l+9f^) 

=  {!  +  (!+ Ai)xg+{Ai+ A2)a^+. .  .  +  {An-i  +  An)af^  +  . .  .+An,?i^^ 
x{l-af»+ia5+ajS(«+i)2«+.  .  .  (-)"af»(»»+i)2«+.  .  .}  (3). 

Hence,  arranging  the  right-hand  side  of  (3)  according  to  powers  of  z, 
replacing  the  left-hand  side  by  its  equivalent  according  to  (2),  and  then 
equating  the  coefficients  of  ««  on  the  two  sides,  we  get 

A« = ( An + A«-i)a"  -  a!«+K  A»_i  +  A,-2)a?"-^ 
-Haj«('»+i)(A»-2+An-8)x"-» 


(-)*-iaK"-i)('»+J)(Ai  +  l)a; 
(-)"a-«(M-i); 
whence 

;^^^A.n=An-i -  An-aaf»+ An-8a>- .  .  .  ( - )-iiB(-^)-         (4). 

Putting  71  - 1  in  place  of  ti  in  (4),  we  have 

^li~^^jAn-i=An-2-A„-8a^  +  An-4a:'"»-.  .  .  (-)«•->«;(-«)«         (5). 

If  we  multiply  (5)  by  af*  and  add  (4),  we  derive,  after  an  obvious 
reduction, 

(1  -  a")A«= (aj«  -  a*»+')An-i  (6i). 


In  like  manner, 


(1  -aj"-i)An-i=(a:»-i  -a^+^)A„-a  (6,), 

(1  -  ^'^)An-2 = (a^-'  -  ^+')An-z  (Cs), 


(l-a:)Ai=(aj-af«+»)  (6»). 
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Multiplying  (61),  (69),  .  .  . ,  (6„)  together,  we  derive 

^"         (l-aj)(l-a:»)...(l-a:»)  ^^^' 


(l-a:)(l-ar»)...(l-iB») 


(8), 


which  establishes  our  result 


If  inod2;<l|  the  product  (l+a»)(l+a!"2)  .  .  .  will  be  convergent  when 
continued  to  infinity,  and  will,  by  the  theorem  of  the  present  paragraph,  be 
expansible  in  a  series  of  powers  of  z.  The  series  in  question  will  be  obtained 
by  putting  m=  00  in  (1).    We  thus  get 

(l+«)(H-A)...adoo=l+^S^(^-^^^j^^^--^j-^j^      (9). 

an  important  theorem  of  Euler's  {Introd.  in  Anal.  In/,,  §  306). 

§  3.]  Exparisum  of  Seckx  and  Secx, 
We  have,  by  the  definition  of  Exp  «, 

2/(Exp  aj  +  Exp  -  aj)  =  1/(1  +  2a:2»/(2n) !)  (1). 

Hence,  if  y  =  'Zx^/{2n)l  (2), 

2/(Exp  a;  +  Exp  -  «)  =  1/(1  +  y), 

=  l-f2(-)-y«  (3). 

The  expansion  (3)  will  be  valid  provided  mody  <  1 ;  and  the 
series  (2)  is  absolutely  convergent  for  all  finite  values  of  x. 
Hence,  if  ^  =  moda;,  it  follows  from  §  1  that  the  series  (3)  can 
be  converted  into  a  series  of  ascending  powers  of  x  provided 

2f2«/(2n)!<l  (4). 

«=i 

This  last  condition  involves  that 

i(e«  +  e-^-l<l; 

that  is,  that  ^<log(2  +  x/3). 

This  condition  can  obviously  be  satisfied ;  and  we  conclude 
that  2/(Exp  X  +  Exp  -  x)  can  be  expanded  in  a  series  of  ascending 
powers  of  x  provided  mod  x  do  not  exceed  a  certain  finite  limit. 

Since  the  function  in  question  is  obviously  an  even  function 
of  Xf  only  even  powers  of  x  will  occur  in  the  expansion.  We 
may  therefore  assume 

2/(Exp  a;  +  Exp  -  «)  =  1  +  2(  -  )^EnX^/{2n) !         (5). 
To   determine   E,,  E„  .  .  .,  we   multiply  one  side  of   (5)  by 
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J(Exp  X  +  Exp  -  x),  and  the  other  by  its  equivalent  1  +  2a?*/(2n)!; 
we  thus  have 

1  =  {1  +  2(  -  )^EnS^/{2n)  !}{1  +  l^l(2n) !}  (6). 

E|,  Eg,  .  .  .  must  be  so  determined  that  (6)  becomes  an 
identity.     We  must  therefore  have 

I ?» + ?! (^)n    ^^     =0  m. 

(2n)!0!     (2n-2)!2!     (2w-4)!4!     '  '  '  ^     ^  0l{2n)\         ^^' 

or, 

En  =  «.C.En.,-^aE,..  +  .  .  .  (-r-2^C^-.E,  +  (-l)«-i  (8). 
The  last  equation  enables  us  to  calculate  Ei,  E„  Eg,  .  .  .  success- 
ively.    We  have,  in  fact, 

E»  =  l;     E,=  6E,-1;     £»=  15Eg-15Ei  +  1 ; 
E,  =  28E8-70Ea+28E,-l;     &c.' 
whence 

E,=  1,  E.=  2702765, 

E,=  5,  E,=  199360981, 

£3=        61,  E8=      193915121^5, 

E,=    1385,  E,  =  2404879675441, 

Es  =  50521,  .         .         ;         .         . 

These  numbers  were  first  introduced  into  analysis  by  Euler ;  * 
and  the  above  table  contains  their  values  so  far  as  he  calculated 
them. 

Since  the  constants  E|,  Eg,  .  .  .  are  determined  so  as  to  make 
(6)  an  identity,  (6),  and  therefore  also  (5),  will  be  valid  for  all 
values  of  x^  real  or  complex,  which  render  all  the  series  involved 
convergent.  Hence,  since  1 +2a?**/(2n)l  is  convergent  for  all 
values  of  x,  (5)  will  be  valid  for  all  values  of  x  which  render  the 
series  I  +'2{-)^'EnX^/{2n)\  convergent.  We  shall  determine 
the  radius  of  convergency  of  this  series  presently.  Meantime 
we  observe  that  (5)  as  it  stands  may  be  written 

Sech  a;  =  1  +  2{  -  )»Enic^/(2n) !  (9)  ; 

and,  if  we  put  ix  in  place  of  x,  it  gives 

Sec  a;  =  1  +  2E„a?»/(2ri) !  (1 0). 

*  See  Inst.  Cole  Diff,,  §  ^24 :  the  last  five  digits  of  E9  are  incorrectly 
given  by  Euler  as  61671. 
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Cor.  Seek  ^z  and  Sec  **a;  can  each  be  expanded  in  a  series  of  even 
powers  of  x. 

The  possibility  of  such  an  expansion  follows  at  once  from  the 
above.  The  coefficients  may  be  expressed  in  terms  of  Euler's 
numbers.  We  may  also  use  the  identity  1  =  (1  +  2Ana?^/{2n)l) 
cos  ^ ;  expand  cos  ^  first  as  a  series  of  cosines  of  multiples  of 
X ;  finally  in  powers  of  x ;  and  thus  obtain  a  recurrence  formula 
for  calculating  Aj,  A„  .  .  .  The  convergency  of  any  expansion 
thus  obtained  will  obviously  be  co- extensive  with  the  con- 
vergency of  (10). 

§  4.]  Expansion  of  Tanhic,  xCotha:,  Cosecho;;  Tana;,  a:Cota^ 
Coseca:.* 

We  have  already  shown,  in  chap,  xxviii.,  §  6,  for  real  values 
of  X,  that 

«/(!  -  e-*)  =  1  +  ^x  +  2(  -  )«-iBnx2n/(2n)!, 

the  expansion  being  valid  so  long  as  the  series  on  the  right  is 

convergent.     In  exactly  the  same  way  we  can  show,  for  any 

value  of  X  real  or  complex,  that 

xl(l  -  Exp  -  a;)  =  1  +  ioj  +  2(  -  Y''^BnX^/{2n)\       (1), 

where  Exp  -  a;  is  defined  as  in  chap,  xxix.,  and  x  is  such  that 

mod  a;  is  less  than  the  radius  of  convergency  of  the  series  in  (1). 

Prom  (1)  we  derive  the  following,  all  of  which  will  be  valid  so 

long  as  the  series  involved  are  convergent 

a^Exp  X  -  Exp  -  a;)/(Exp  x  +  Exp  -  x) 

=  4a;/(l  -  Exp  -  4a;)  -  2a;/(l  -  Exp  -  2x)  -  x, 
=  2(  -  )«-i22n(22»  -  l)Bn7^/{2n) !         (2) ; 

a;(Expa;  +  Exp  -  x)/(Expx  -  Exp  -  x) 

=  a;/(l  -  Exp  -  2a;)  -  a;/(l  -  Exp  2a;), 

=  1  +  2(  -  )«-i22»Bna;2«/(2n)!  (3) ; 

2a;/(Exp  x  -  Exp  -  x)  =  2a;/(l  -  Exp  -  x)  -  2a;/(l  -  Exp  -  2a;), 

=  1  +  22(  -  )»*(22«-i  -  l)Bna?^/(2n)  1     (4). 

From  these  equations,  we  have  at  once 

Tanhx  =  2( -  )n-i2^{2^ -  l)BnX^-'^l{2n)l    (5) ; 
X  Coth  a;  =  1  +  2(  -  )'*-i  2^BnX^/{2n) !  (6) ; 

X  Cosech a;  =  1  +  22:(  --  )^{2^-^  -  l)Bna;^/(2n) !     (7). 

*.  Euler,  I.e. 
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If  in  (2),  (3),  and  (4)  we  replace  xhj  ix^we  deduce 

Tan X  =  222»»(22»  -  l)BnX^''^J{2n) !  (8) ; 

a;  Cot  X  =  1  -  222"B„a;2~/(2n)  1  (9) ; 

«Coseca;=  1  +  22(22^-i-  l)Bn«^/(2n)!  (10). 

Cor.  Each  of  the  functions  (Tanhxy\  (xCothx)^,  (x  Cosech  x)^, 
{TanxJ^y  {xCotxY^  (xCosecx)^  can  be  expanded  in  an  ascending 
series  of  powers  of  x. 

Exercises  XXL 
(1.)  liB=g<lu  (see  chap,  xziz.,  §  81),  show  that 

14  =  01^  +  08^+06^  +  .    .    ., 

where  aa,^fi=En/(2ft+l) !. 

(2.)  Find  expressions  for  the  coefficients  in  the  expansions  of  Sin  "a;  and 

C08"iB. 

(3. )  Find  recnrrence-formulse  for  calculating  the  coefficients  in  the  expan- 
sions of  (ajcoseca;)**  and  (seca;)*. 
In  particular,  show  that 

Sfic%H-la;-   2    Sp^  +  Sp-lEn+i  +  »    »   .  +  Si En4y~i  +  En-fp      g*» 
=0n  (2i>)!'  '(2n)!' 

where  Sr  denotes  the  sum  of  the  products  r  at  a  time  of  1^,  3^  5^,  .  .  .,  (2p  - 1)'. 

(Ely,  American  Jov/r,  Math.,  1882.) 
(4.)  If  mod  a;  <1,  show  that 

(1+a^)  (1+ar*)  (1+a^) .  . .  ad oo  =  1  +  2a?»*-H»/(l  - ai^)  (1  -a?*) ...  (1  -a*»). 
(5.)  If  moda;>l,  and^  be  a  positive  integer,  show  that 

^•*"„?i(a:-l)(aj«-l)...(a^-l)=^- 

(6.)  Show  that  the  Binomial  Theorem  for  positive  integral  exponents  is  a 
particular  case  of  §  2,  Example  2. 
(7.)  Show  that 

(l+ass)(l+a:»2)...(l+a*»->z) 

-14-   ?  (1  -  ■^'")  (1  -  g^"') ...  (1  -  a>-»'+a)     , 

-'+„ti-   or-^)(i^^):T:(\~^-)—  "^^^ 

(Cauchy,  Comptea  Rendus,  1840.) 
(8.)  Show  that 

(l-xz){\-x'z)...{\-x-^z)    ^-^-^^         (l-a;)(l-ar')...(l-a-«) 
also  that,  if  mod  a;  <  1,  mod  zx<l, 

1/(1  -a») (1  -ar»2) .  . . ad 00  =1  +  Sa^2"/(1  -a;) (l-s^) . .  .  (1  -af»). 

(Euler,  IrU,  in  Anal.  Inf.,  §  313.) 
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(9.)  If  m  be  a  positive  integer  (1  -  a*»)  (1  -  af"-^) ...  (1  -  aJ«-^')  is  exactly 
divisible  by  (1  -x)  (1  -r») . . .  (1  -aj»). 

(Gauss,  SummcUio  quarumdam  aeriervm  nngtUarium, 
JFerke,  Bd.  ii,  p.  16.) 

(10.)  uAx,  m)=i+2(  -  )"^^ "  ^1%^^'^) ; ; :  [i :  ^)"^'^>  ^^««^  "^^ 

x>l,  show  that 

/(«,  m)=J{x,  7W-2X)  (1  -a«-i)(l  -a-»"») .  . .  (1  -a4ii-2x+l) 

l-a-m-i    i_a-»-»   i_af»-«^  ,^ 

1-ari      l-x-^      l-aj-» 
Hence  show  that,  if  mod  a;  <  1 ,  then 

(Gauss,  Ih,) 
(11.)  Show  that,  if  m  be  a  positive  integer, 

{i-,xni+^)..Ji^^)=.i+:s^^lz^l^'-'^^^ 

Vxn-*nifar;...^x+x-;-x  +  z^  (i -ar»)  (i -jb*)  _  .  (i„ar*«) 

(Gauss,  i&.) 
(12.)  Show  that 

1 

("1  -  as)  (1  -  ar»2) .  . .  (1  -  x^-h) 

"^  (■l-a2)(i_jg4)_,(l_aJi„) 

Also  that,  if  mod  z  <  1,  and  mod  sa;  <  1, 

1/(1 -a:2)(l-aj»2)...  ad  00  =l  +  Saj^/(l-ar')(l -«*)...  (l-a*»). 
(13.)  Show  that,  if  moda;<l, 

l/(l-a;)(l-ar»)(l-a^)...adoo=(l+a;)(l+z2)(l+a^)...adoo. 

(Euler, /.c,  §825.) 
(14.)  If  mod  a;  <1, 

(1  -a:) (1  -ar»)(l  -a^) .  .  .  ad  oo  =  2  ( -  )"a^H«)/a. 

-00 

(Euler,  Nov.  Cmnm.  Pet.,  1760.) 
(15.)  If  modar<l, 

log{(l-a;)(l-a^)(l-a^)...adoo}  =  -Syi»)aj»/n, 

where  J{n)  denotes  the  sum  of  all  the  divisors  of  the  positive  integer  n  \  for 
example,  y][4)  =  1  +  2  +  4. 
Hence  show  that 

2-^  =  2/(n)af. 
1  1-^     1 

(Euler,  76.) 
(16.)  If  d(?i)  denote  the  number  of  the  different  divisors  of  the  positive 
integer  n,  and  moda;<l,  show  that 

00  00         Q**! 

(Lambert,  Essai  (VArchiUdonique,  p.  607. ) 
VOL.  II  Y 
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Also  that 

2d(»)a!"= 

'^''my 

(17.)  If  mod 

X 

1-aj 

X<lf 
1-7? 

show  that 

(Clausen,  CrelU's  Jour,^ 

_      X              7?             7? 

,  1827.) 

(18. )  2ie2»+V(l  -  a:»'H-i)a= 2,ia-«/(l  _  ^n)^ 

2(  -  1)«-J7iaj»/(1  +aj«)=2( -  )»-iaJ«/(l  +a^)». 
(19.)  The  sum  of  the  products  r  at  a  time  of  aj,  ic*,  .  .  .,  sc"  is 
jgr(H-i)/2(a.H-i  - 1)  (af+a  _  1)  _  .  (a-.  _  i)/(a- - 1)  (a^  - 1) . . .  (aj«-r  _  1). 

(20.)  If  Sr  be  the  sum  of  the  products  r  at  a  time  of  1,  a,  .  .  .,  jc"-^,  then 

Sr  =  Sn-rX-i^-^nn-^)rt, 

(21 . )  Show  that,  if  x  lie  between  certain  limits,  and  the  roots  of  cu^-\-bx-\-c 
be  real,  then  {px+q)l(aa?+bx+e)  can  be  expanded  in  the  form  «©+ 
2(tA„af»+r„ar");  and  that,  if  the  roots  be  imaginary,  no  expansion  of  this 
kind  is  possible  for  any  value  of  x. 


.     ON   THE  EXPRESSION   OF  CERTAIN  FUNCTIONS   IN  THE  FORM 
OF  FINITE  AND   INFINITE  PRODUCTS. 

§  5.]  The  following  General  Theorem  covers  a  variety  of  cases 
in  which  it  is  possible  to  express  a  given  function  in  the  form  of 
an  infinite  product ;  and  will  be  of  use  to  the  student  because  it 
accentuates  certain  points  in  this  delicate  operation  which  are 
often  left  obscure  if  not  misunderstood. 

Let  /{Uy  p)  he  a  function  (mth  real  or  imaginary  coefficients)  of 
the  integral  variables  n  and  p,  such  that  L  f{n,  p)  is  fmite  for  aU 

finite  values  of  n,  say  L  f{n,  p)  =  f{n)  ;  and  lei  us  suppose  thai  for 

p—v> 

all  values  of  n  and  p  {n  <p),  however  great,  which  exceed  a  certain 
finite  valus,  modf{ny  p)/modf{n)  is  not  infinite. 

Then  L     H  {1 +/(n,;?)}  =  n{l +/(n)}  (1), 

p=oo  n=l  1 

provided  ^modf{n)  be  convergent  (that  is,  provided  n{l  +/(7i)}  he 
absolutely  convergent). 

Let  us  denote  n  { 1  +  /(n,  jp)}  by  P^ ;  L     n  { 1  +/(w,  p)}  by 

n=l  j)=oon=l 

P ;  raod/(n,  p)  hy  f{n,  p) ;  and  mod/(n)  hyf{n). 
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We  may  write 

p,=  n{i+/(«,^)}  n  {i+f{n,p)}, 

n=l  ns=TO+l 

=  P„Q^8ay,  (2). 

Just  as  in  chap,  zxvi.,  §  26,  we  have 

mod(Q„-i):j>  n  {1 +/,(«, i))}-i. 

n=m+l 

Now,  by  one  of  our  conditions,  if  m,  and  therefore  p,  exceed 
a  certain  finite  value,  we  may  put/,(n,  p)/f^(n)  =  A^,  where  A„  is 
not  infinite.  If,  therefore,  A  be  an  upper  limit  to  A^,  and  there- 
fore finite  and  positive,  we  have/,(n,  ^):}>A/j(n).     Hence 

mod(Q^-l)>    n    {l+A/,(n)}-l, 

:j>n{l+A/.(n)}-l,  (3). 

Let   us   now   put  ^  =  oo  in   (2).     Since   m  is   finite,   and 
L  /(w,  p)  =  f{n),  we  have 

pssto  m 

LP„  =  n{l+/(n)}. 

p=to  1 

Therefore  P  =  5(1  +/(n)}Q^  (4), 

where  Q,»  is  subject  to  the  restriction  (3). 

Let  us,  finally,  consider  the  effect  of  increasing  m. 

Since  n{l  +/i(«)}  is  absolutely  convergent^  n{l  +Afi{n)}  is 
absolutely  convergent.     It  therefore  follows  that,  by  sufficiently 

00 

increasing  m,  we  can  make  11  {1  +  A/,(7i)}  - 1,  and,  a  fortiori, 

TO+l 

mod  (Q,iv  -  1)  as  small  as  we  please.  Hence,  by  taking  m  suffi- 
ciently great,  we  can  cause  Q,^  to  approach  1  as  nearly  as  we 
please.     In  other  words,  it  follows  from  (4)  that 

p  =  n{ !+/(«)}  (5). 

1 
In  applying  this  theorem  it  is  necessary  to  be  very  careful  to  see  that  both 
the  conditions  in  the  first  part  of  the. enunciation  regarding  the  value  of 
/[n,  p)  are  satisfied.     Thus,  for  example,  it  is  not  sufficient  that  L  /[n,  p) 

p=oo 

have  a  finite  definite  value  /{n)  for  all  finite  values  of  7^  and  that  ^fi{n)  be 
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absolutely  convergent.  This  seems  to  be  taken  for  granted  by  many  mathe- 
matical writers ;  butj  as  will  be  seen  from  a  striking  example  given  below, 
such  an  assumption  may  easUy  lead  to  fallacious  results. 

§  6.]  Factorisation  of  sink pu,  sinhu,  sinpO,  and  sin  6,* 
From  the  result  of  chap,  xii.,  §  20,  we  have,  p  being  any 
positive  integer, 

ic^  -  1  =  (a;2  -  l)^n  (2?  -  2x  cos  —  +  l)  (1). 

From  this  we  have 

x^p-l     p-i/  nir       \ 

—^ — =-=  n  (a;2-2a;cos— +  1 ): 

aJ^-l        n=l\  P  / 

whence,  putting  a;  =  1,  and  remembering  that  'U^^^-  l)/(a?  - 1)  =^, 
we  have 

p  =  2^-1  n  (1  -  coB.njr/p)  (2) ; 

1 

=  4:P-^^nBmKnir/2p  (3); 

1 

and,  since  sin.7r/2j?,  sin.2ir/2^, .  .  .,  sin.(p  -  l)rrl2p  are  obviously 

all  positive, 

p-i 
^p  =  2^-1  n  sin.n7r/2;?  (4). 

If  we  divide  both  sides  of  (1)  by  a^,  we  deduce 

xP  -  x-P  =  (x  -  x-^)U{x  +  a;-^  -  2  cos.nir/p)  (5), 

where  for  brevity  we  omit  the  limits  for  the  product^  which  are 
as  before. 

If  in  (6)  we  put  x  =  «•*,  we  get  at  once 

sinh^  =  2^ ~  ^  sinh  uIL (cosh  t*  -  cos .  mr/p)  (6), 

=  4^-1  sinh  uU  (sin  *.  n7r/2;7  +  sinh  *.  tt/2)       (7). 
Using  (3),  we  can  throw  (7)  into  the  following  form : — 

sinh  jpi«  =  p  sinh  uIL  {1  +  sinh .  *i*/2/sin ,  *n7r/2^}       (8). 
Finally,  since  (8)  holds  for  all  values  of  u,  we  may  replace  u 
by  u/py  and  thus  derive 

*  The  results  in  §§  6-9  were  all  given  in  one  form  or  another  by  Euler  iu 
his  IntroduUio  in  AneUysin  Infinitoruin.  His  demonstrations  of  the  funda- 
mental theorems  were  not  satisfactory,  although  they  are  still  to  be  found 
unaltered  in  many  of  our  elementary  text-books. 
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•  I.  •  u^'W^/i      sinh\u/2p\  ,., 

Binn u=p smh  -  11  i  1  +  -. -. — yzf  }  (9). 

We  shall  next  apply  to  (9)  the  general  theorem  of  §  5. 
Before  doing  so,  we  must,  however,  satisfy  ourselves  that  the 
requisite  conditions  are  fulfilled. 

In  the  first  place,  so  long  as  n  is  a  finite  integer,  we  have 
sinh*.tt/2;?_   u' 
psaoSm  .mrjzp     nir 

This  can  be  deduced  at  once,  for  complex  values  of  u,  from 
the  series  for  smh,ul2p  and  Biji.mr/2p.  When  u  is  real  it  follows 
readily  from  chap,  xxv.,  §  22. 

The  product  11(1  +  u'/n\^  is  obviously  absolutely  convergent 
We  have,  therefore,  merely  to  show  that,  for  all  values  of  n 
and  p  exceeding  a  certain  finite  limit, 


where  A  is  a  finite  positive  constant.     That  is  to  say,  we  have 
to  show  that 


^^|8inh^«/y/^l     ^  (11). 

(sm  .  mr/2p  I  nir)  ^     ' 

Dsitive  constant.     T 

\     u\2p     J I  \    mr/2p    / 
remains  finite. 
Now 

Since  the  series  within  the  bracket  is  absolutely  convergent, 
its  modulus  can  be  made  as  small  as  we  please  by  taking  p 
sufficiently  great. 

Again  we  know,  from  chap,  xxix.,  §  14,  that,  if  ^:J>  v/(6  x  7) 
>6-48,  and,  a  fortiori,  if  ^>2ir,  then 

sin^<t:^-i^", 
that  is,  if  6  be  positive, 

sin^/Hl-i^. 
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Now,  since  n^l^p  -  1,  «7r/2p:f>  Jtt.     Therefore 

sin,n7r/2p  i  Y^^  V 

n7rl2p    ^^     *\2pJ 

<l-~<-58  (13). 

From  (12)  and  (13)  it  is  abundantly  evident  that  the  con- 
dition (11)  will  be  satisfied  if  only  p  be  taken  large  enough ;  and 
it  would  be  easy,  if  for  any  purp6se  it  were  necessary,  to  assign 
a  numerical  estimate  for  A.  All  the  conditions  for  the  applica- 
bility of  the  General  Limit  Theorem  being  fulfilled,  we  may  make 
p  infinite  in  (9).     Remembering  that  hp  sinh.w/jp  =  u,  we  thus  get 

sinh  w  =  tt  n  (1  +  tt'/TiV)  (1 4). 

n=l 

To  get  the  corresponding  formulaB  for  sin^^  and  sin^,  we 

have  simply  to  put  in  (5)  x  =  exp  16.     The  steps  of  the  reasoning 

are,  with  a  few  trifling  modifications,  the  same  as  before.     It  will 

therefore  be  sufficient  to  write  down  the  main  results  with  a 

corresponding  numbering  for  the  equations. 

p-i 
sinpO  =  2^-1  sin  ^  11  (cos  ^  -  cos.mr/p)  (6') ; 

n=l 

=  iP-'^  sin  eU{Bm\nirl2p  -  sin'.  6/2)         (7'). 
sin;?^  =  p  sin  ^n(l  -  sin\6l2/sm\n7r/2p)  (S').  - 

Pn=i[       Bm,mrl2p) 
811x6=6  n{l-^7wV}  (U'). 

n=l 

It  should  be  noticed  that,  inasmuch  as  (6),  (7),  (8),*  (9),  and 
(14)  were  proved  for  all  values  of  w,  real  and  complex,  we  might 
have  derived  (6'),  (7'),  (8'),  (9'),  and  (14')  at  once,  by  putting 
u  =  i6. 

Cor.  1.  The  following  finite  products  for  sinp6  and  sinhpu 
should  be  noticed : — 
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sin^^  =  2^-1  sin  ^  sin  {6  ^  ir/p)  sin  {6  +  27r/p) . . . 

sin(^+jp-l7r/jp)     (15); 
sinhjm  =  ( -  2i)^"^  sinh u sinh  (w  +  iir/p)  sinh  (m  +  2i7r/p) . . . 

sinh  {u-k-p-  liir/p)     (1 6). 
The  first  of  these  may  be  deduced  from  (6'),  as  follows  : — 

sin  2?^  =  2'-^  sin  ^11  (cos  6  -  cos.mr/p), 

=  2P-iflin  ^n{2  sm {nirl2p  +  6/2)  sin  (mr/2p  -  ^/2)}, 
=  2^-1  sin  ^n{2  sin  (n^/2p  +  ^/2)  cos  (p  -  nir/2;?  +  ^/2)}. 

Hence,  rearranging  the  factors,  we  get 

sin^^  =  2^-1  sin  eU{2  sin  (njr/2;?  +  ^/2) cos  {n7r/2p  +  ^/2)}, 

=  2P'^  sin  ^  n  sin  (6  +  rnr/p). 

We  may  deduce  (16)  from  (15)  by  putting  0=  -iu. 

Cor.  2.   JFallis's  Theorem. 

If  in  (14')  we  put  6  =  ^iry  we  deduce 

1  =  i7rn(l  -  1/2'n")  (17); 

whence      -  =  =^  •  ;7-r  •  •  •  /t; Wtt; v\  •  •  •  ad  00 , 

2     1-3  3-5         (274-1) (271+1)  ' 

2  2  4  4  2n         2w  ,  ,,^, 

=T-3-3'5--'2^rrT-2rr-ri-'-"^^     <^^> 

This  formula  was  given  by  Wallis  in  his  Arithmetica  Infinitorum, 
1656.  It  is  remarkable  as  the  earliest  expression  of  t  by  means 
of  an  infinite  series  of  rational  operations.  Its  publication  prob- 
ably led  to  the  investigations  of  Brouncker,  Newton,  Gregory, 
and  others,  on  the  same  subject 

§  7.]  Factorisation  of  cospOy  cos  6,  coshpu,  cosh  u.  Following 
the  method  of  chap,  xii.,  §  20,  and  using  the  roots  of  -  1,  we 
can  readily  establish  the  following  identity  : — 

^P  +  l^n(f-2x  cos  .(2!^lJ>  +  i)  (1). 

Putting  herein  a;  =  1,  we  get 

2  =  2^(1  -  COS.  (2n  -  l)^/2p)  (2) ; 

=  4m  sin '.  (271  -  l>r/4^  (3). 
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Hence,  since  all  the  sines  are  positive, 

x/2  =  2PU  sin .  (2n  -  1  y/ip  (4). 

From  (1), 

xP  +  x^P  =  Il{x  +  x-^  -  2  COS. (2n  -  lyj^p)         (5) ; 
whence,  putting  x  =  Exp  iO,  we  deduce 

cos;?^  =  \ . 2^11  (cos  6  -  COS. (2fi  -  l>r/2;?)  (6) ; 

=  J .  4^n  (sin  \ (2w  -  l)7r/4p  -  sin  \  0/2)  (7). 
From  (7),  by  means  of  (3),  we  derive 

cosi?^  =  n(l  -  sin  *.  ^/2/sin  ".  {2n  -  l)ir/ip)  (8). 

From  (8),  putting  6/p  in  place  of  6y  we  get 


cos 


For  any  finite  value  of  n  we  have 

T  sin\e/2p 4^ 

p=ooSin'.(27i-l>r/4;>     (27i-l)V  ^^^^* 

Also   the  product  11(1  +  4^/(2w- 1)V')  is   absolutely  con- 
vergent. 

Moreover, 

>'*'^{h{0---}       W; 

So  that  mod  {sm.0l2p/OI2p)  can  be  brought  as  near  to  1  as  we 
please  by  sufficiently  increasing  p. 

Also,  since  (2n- l)7r/4^:}>j7r,  we  have,  exactly  as  in   last 
paragraph, 

sin.(2n-lV/4j> 
(27.-l>r/4i^    ^  ^     ^• 

We  may,  therefore,  put  j5  =  oo  in  (9) ;  and  we  thus  get 

cos  ^  =  n  {1  -  4^/(2w  -  1)V}  (1 4). 


n=l 
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In  like  manner,  putting  x  =  e^  in  (5),  we  get 

p 
cosh;?w  =  J .  2^  n  (cosh  i^  -  cos .  (2n  -  l)vr/2p)  (6') ; 

n=l 

=  iAPU{ain ^.{2n  -  V^jip  +  sinh  2.t*/2)     (7'). 
cosh jpw  =  n  ( 1  +  sinh *. u/2/sin.{2n  -  l)7r/4;?)         (8'). 

n=i[       sm'.(2n-l)7r/4;?j 

cosh  t*  =  n  { 1  +  4i*7(2n  -  1) V}  (1 4'). 

1 

We  might,  of  course,  derive  the  hyperbolic  from  the  circular 
formulae  by  putting  6  =  iu. 

It  is  also  important  to  observe  that  we  might  deduce  (14) 
from  the  corresponding  result  of  last  paragraph,  as  follows : — 
From  (14')  and  (17)  of  last  paragraph,  we  have 

sm  6  =  —TL\  - — r-/.  -  ;-a  V, 
IT     \l-l/(2w)"J 

~w\{2n-\yjr'  (2nTl)7rJ' 
Hence,  putting  ^ir-  0  in  place  of  ^,  we  deduce 

.     ir-2eU2n'\)Tr+2e     {2n-¥\)7r-2e\ 

cos^=-^-n|-^2^^^ (2;rrr)7~|' 

=  (1  -  2d/7r)n{(l  +  2^/(2w  -  lyi  (1  -  2^/(2n  +  l>r)}, 
=  (1  -  2i9/7r)  (1  +  2^/7r)  (1  -  2^/37r)  (1  +  2^/37r)  ...  . 
Written  in  this  last  form  the  infinite  product  is  only  semi- 
convergent,  and  the  order  of  its  terms  may  not  be  altered 
without  risk  of  changing  its  value ;  we  may,  however,  associate 
them  as  they  stand  in  groups  of  any  finite  number.  Taking 
them  in  pairs,  we  have 

cos  ^  =  (1  -  Wji^)  (1  -  4^/3V^  . . ., 

=  n  {1- 46^/(2/1 -1)V}. 

n=l 

§  8.]  From  the  above  results  we  can  deduce  several  others 
which  will  be  useful  presently. 
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We  have,  since  aU  the  products  involved  are  absolutely 
convergent, 

Bin  (0  +  <l>)  _  0+_^  U{l-(e  +  4>y/nV} 
sin^      "■     ^         n{l-^/7iV}     ' 
provided  0  4=  nir. 

Hence,  provided  6  4=  wtt, 

co8<^  +  8in<^cot^-(l+|)n|l-^^^'l       (1). 
In  like  manner,  starting  with  cos  (6  +  <^)/cos  6,  we  deduce 
co8^-«m,^tan»  =  n|l-4^-2^j^.t.^|      (2). 

provided  6^^(2n  -  l)ir. 
Also,  from  the  identity- 
sin  <^  +  sin  ^  _  sin  ^(<f>  +  0)  cos  i(<^  -  6) 
sin  6       ~  sin  ^^  cos  J^ 

we  derive 

1  +  cosec  6  sin  <f> 

=  ("i  +  '^Nnft^  -  <'^  +  ey/inV}  {1  -  (.^  -  e)'/i2n  -  i)V}-| 
\     eJ  L       {1  -  e'/4»V}  }i  -  ^/(2»  -  r)V}       J 

provided  ^4=n7r. 

A  great  variety  of  other  results  of  a  similar  character  could 
be  deduced  ;  but  these  will  suffice  for  our  purpose. 

§  9.]  Before  leaving  the  present  subject,  it  will  be  instructive 
to  discuss  an  example  which  brings  into  prominence  the  neces- 
sity for  one  of  the  least  obvious  of  the  conditions  for  the  applica- 
bility of  the  General  Theorem  of  §  5. 

We  have,  6  being  neither  0  nor  a  multiple  of  ir, 
a;2p  -  2xP  cos  ^  +  1  =  {xP  -  (cos  e  +  i  sin  6)}  {xP  -  (cos  ^  -  i  sin  $)}. 
The  pth  roots  of  cos  ^  + 1  sin  6  are  given  by 
cos.{2nir+ 6)/p  +  i  sin. {2vTr  +  0)/p,     w  =  0,  1,  .  .  .,  i?-l     (1). 
The  pth   roots   of  cos^-t  sin^,  that   is,  of   cos (-6)  +  % 
sin  ( -  6\  by 
cos.  (2n7r  -  e)/p  +  i  sin .  (2w7r  -  0)/p,     n  =  0,  1 ,  .  .   .,  p-  1     (2). 
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Since  cos . (2n7r  -  6)/p  =  cos.  { 2(p  -  n)7r  +  6}lp, 

sin. (2n7r  -  d)/p  =  -  sin.  {2{p  -  7i)7r  +  0}/p, 

(2)  may  be  replaced  by 

COS. {2nir  +  d)/p  -  i sin. (2nir  +  6)/p,     n  =  0,  1,  .  .  .,  J5  -  1    (2'). 

We  have,  therefore, 

a^  -  2xP  cos  fl  +  1 

p-i 
=  {3f-2z  cos.  e/p  +  1)  n  {«"  -  2a;  cos.(2wt  +  ^)/;>  +  1 }     (3). 
«=i 

Since  cos. (2n7r  +  d)/p  =  cos.  { 2{p  -  n)ir  -  6}/p,  we  may,  if  p  be 
odd,  arrange  all  the  factors  of  the  product  on  the  right  of  (3) 
in  pairs.     Thus,  if  ^  =  2g  +  1,  we  have 

U-2xcos--^-^l]ui    (^-2^cos.(2n.-f^)/(2j+l)  +  m 
r      '^'^''^^  2?  +  1  ^  Vifij  x.(a^-2a;cos.(27i7r-d)/(2(?  +  1)  +  1)| 

If  we  now  put  «  =  1,  we  get 

4  sm  2-  =  429+1  sin  ^- .r  IT  4  sm*. —  Bm\- —  y    (5). 

2  4q  +  2„=,i  (  4^  +  2  4^  +  2  J     ^  ^ 

If  we  divide  both  sides  of  (4)  by  a;^+i,  and  put  z  =  Exp  i<f>y 

we  deduce 

2(cos(2^+  l)<^-co8^) 

=  22«+i{cos  <^  -  cos .  e/{2q  +  l)}n{cos  </>  -  cos .  (2w7r  ±  e)l{2q  +  1)} 

(6), 
where  the  double  sign  indicates  that  there  are  two  factors  to  be 
taken. 

Transforming  (6),  and  using  (5),  &c.,  just  as  in  the  previous 
paragraphs,  we  get,  finally, 
cos  <f>  -  cos  6 

(7). 
Since  n:J>g,  (2n7r  ±  e)/{4cq  +  2)4>(227r  ±  e)/{iq  +  2) ;    and  the 
limit  of  this  last  when  ^  =  oo  is  ^tt.     Hence,  by  taking  q  large 
enough  we  can  secure  that  (27i/7r  ±  6)l{4q  +  2)  shall  have  for  its 
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upper  limit  a  quantity  which  diflfera  from  Jtt  by  as  little  as 
we  please;  and  therefore  (see  §  6)  that  Bin,{2nv±6)l(^q+2)l 
(2w7r  ±  0)1  (iq  +  2)  shall  have  for  its  lower  limit  a  quantity  not 
less  than  '58. 

We  may,  therefore,  put  q=  oo,  &c.,  in  (7).     We  then  get 

cos  c^  -  cos  ^  =  2  sin  '^^(1  -  </>7(9^  n  {1  -  c^7(27iir  ±  6)'}    (8), 

that  is, 

cos  <f>-cos6 

Putting  <f}  =  iu  in  (8),  we  deduce 
cosh  w  -  cos  ^  =  2  sin  '^^(1  + 1*'/^  fi  {1  +  w7(2rwr  ±  $)'}   (9). 

ns=l 

The  formula  (8)  might  have  been  readily  derived  from  those 
of  previous  paragraphs  by  using  the  identity  cos  <^  -  cos  ^ 
=  2  sin  ^(6  +  <^)  sin  ^(6  -  <f>)  and  proceeding  as  in  the  latter  part 
of  §  7. 

Remark — At  first  sight,  it  seems  as  if  we  might  have  dis- 
pensed with  the  transformation  (4)  and  reasoned  directly  from 
(3),  thus— 

From  (3)  we  deduce 

p-i 
2{co8p(f)  -  cos  6)  =  2^(cos ^^  -  cos.  6/p)  IT  {cos  <^  -  cos.  (2n7r  +  0)lp}, 

Hence 
cos  <^  -  cos  ^ 

2  I        sm'^/2/?Jn=i\       Bin\{2n7r  + 0)1 2pj 
Put  now  p=  oo  t  &c.,  and  we  get 

cos  <^  -  cos  ^  =  2  sin  '^0(1  -  <t>^l0)U{l  -  c^7(2n7r  +  df}, 

1 

This  result  is  manifestly  in  contradiction  with  (8),  although 
the  reasoning  by  which  it  is  established  is  the  same  as  that  often 
considered  sufficient  in  such  cases. 
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In  point  of  fact,  however,  the  condition  of  §  5,  that 
M  =  /,(n,  p)/fi{n)  must  remain  finite  when  n  and  p  exceed  certain 
limits,  is  not  satisfied. 

In  the  present  case  the  upper  limit  of  (2n7r  +  0)l2p,  namely, 
{2{p  -  l)7r  +  0}l2p,  can  be  made  to  approach  as  near  to  ^  as  we 
please.  Hence  in  this  case  M  may  become  infinite.  We  have, 
in  fact, 

M  =  mod| ^-W^Pym \\ 

[Bin,{2n7r  +  e)/2p/{2mr  +  0)/2p) 

hence,  if  we  give  n  its  extreme  value  p-l,  and  put  ^  =  oo ,  M 
becomes  infinite.  No  finite  upper  limit  to  the  modulus  M  can 
therefore  be  assigned ;  and  the  General  Theorem  of  §  5  cannot  be 
applied. 

This  is  an  instructive  example  of  the  danger  of  reasoning 
rashly  concerning  the  limits  of  infinite  products. 

Exercises  XXIL 
(1.)  U{l  +  ixla)(l+ixlb)(l  +  ixle), , .  =A+iB,  then 
2  tan-J(«/a) = tan-i(B/A). 

Hence  show  that  2  tan-i(2/n2) = 8ir/4 . 

1 

(Glaisher,  QuaH.  J<mr.  Math,,  1878.) 
(2.)  Find  the  n  roots  of 

^ _ ^,n(n-r-l)(7t-r-2) . .  .  (7i-2r+l)^_^  ^  ...  =0. 

(3.)  If  n  be  an  odd  integer,  find  the  n  roots  of  the  equation 
^*»*-l*^     (n«-l'')(n«-3«)  -  .  (»2-l«)(n«-82)(7i«-6*)  .  ^ 

o!  5 1  7 ! 

(4.)  Solve  completely 

af»+nCico8oaf»-^+nC2Cos2aaf»-2+.  .  .+co8na=0. 

(Math.  Trip.,  1882.) 
(5.)  The  roots  of 

af»8in?t^-«Ciaj«-i8in(n^  +  0)  +  „Caaf»-*8in(n^  +  20)-.  .  .=0 
are  given  by  a!=sin(^  +  0-ihr/n)cosec(^-ihr/n),  where  ^=0,  1,  .  .  .,  or 
(^-1). 

If  o=ir/2;>,  prove  the  following  relations  :— 
(6.)  ji=2i^i8in2osin4a.  . .  sin(2;7-2)o  ; 
1  =2*>-*  sin  a  sin  3a . .  .  sin  (2j?  -  l)a. 
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(7. )  \/p = 2'"^  cos  a  cos  2a . . .  cos  (j?  -  l)a. 
(«.)•  l  =  2'-^8m.o/2  8in.3a/2  . . .  sm.(2p-l)o/2  ; 
=2^-1008.  o/2  cos.  3o/2  ...  cos.  (2;;  -  l)a/2. 


(9.)  sin  ^^  =  2^-1  sin  ^  sin  (2a +  ^)  sin  (4a +  ^)...  sin  (2;?- 2a +  ^); 
Qospe  =  2^*  sin  (a  +  0)  sin  (3a  +  $)  sin  (5a  +  ^) . . .  sin  (2p  -  lo  +  e). 
(10.)  tan |9^  =  tan  ^  tan  (^  +  2a) . .  .  tan  {$  +  (2p  -  2)a),  where p  is  odd. 
(11.)  tan  ^  tan (e  +  2a) . . .  tan (^  +  (2p- 2)a)=( -  l)pf^,  where |i  is  even. 

(12. )  Show  that  the  modulus  of 

co8(^  +  i0)co8(^  +  i0  +  ir/p).  .  .coB(e-{-up  +  {p-l)T/p) 
is    {cosh p<p  -  cos  ( pir + 2pe)}  /2P  "  ^. 
(13. )  If  »  be  even,  show  that 

8m's=(  -  )«/«2*-*  cos  -  cos cos ...  cos  — ^    — —  . 

2    ^     '  n  n  n  n 


(14.)  Show  that        n(l  +sec 2"^)=tan  2««/tan 6 ; 

0 


and  evaluate  5{  l+sec(g/2")l 

(15.)  Show  that 


sin  9 


n^l-4sin2|j)=cos<?; 


and  write  down  the  corresponding  formula  for  the  hyperbolic  functions. 

(Laisant) 

Prove  the  following  results  (Euler,  IrU.  in  Aiial.  Inf.,  chap,  ix.) : — 
^±i!!!!-TT  fi  J-      4(ft-c)a;_+4a^ 


^l^--'      e*+e<=    -"\^+(2n-l)M  +  (6-c)V' 

,-y  .  co8hy  +  co8hc_  ,^  f  ,  ,      ±2cy  +  y^     \ 
^    ^^       1  +  coshc     ""\    ■^(2n-l)^irHc^r 

co8hy-co8hc^ /^y'\f^      :fc2gy  +  y'  \ 
l-co8hc         \       cV      t        (27i)V-* +  c^j' 

smh^y-f8inhc^A^y\j^|^^(-)2cy  +  y^| 
smhc  \       cj      X.  n^v^  +  c^     j  * 

sinhy-sinhc^     A_y\  j^  f  ^^(-)"-'2cy+yn 
sinh  c  \      <^/      I  yiV-^  +  c*      )' 

Write  down  the  corresponding  formulse  for  the  circular  functions,  and  deduce 
them  by  transformation  from  §  9. 


Digitized  by 


Google 


XXX 


EXEBCISES  XXII  335 


co8»+co8g_      r,      ___f_       \. 
(19.)  cos0+tanj(^8in0=n{  (1  +  ^-2^^^ 

^^"•^       cose         "t\,^^(2n-l)ir-2eA       (2?i-l)ir  +  2e; /' 

zind         V        ey      IV       27Mr-<?A       2nir  +  <?y/ 
(21.)  Show  that 

cosh  2r  -  cos  2u=2(w«+tr')n  { ^^5I±^^^ 

1.0  «       „„r((2w-l)ir±2M)2  +  4t?M 

C08h2i;+C08  2tt=2ni  ^^ r^r^ — r^-^-   h 

I  (271- 1)V  J* 

cosh2«-cos2w=4u*n|l  +  -^l; 

r  2^''      1 

cosh 2m + cos 2m =2n J  1  +  - — vx^r-a  ^• 
i         (271- 1)V/ 

(Schlomilch,  J7a7i5.  d.  Alg,  Anal,,  chap,  xi.) 

(23.)  If  i!i=log(l  +  V2),  show  that 
'^2=(l+4lS)(n-43i)-..adco. 

EXPANSION  OF  THE  CIRCULAR  AND  HYPERBOLIC  FUNCTIONS 
IN  AN  INFINITE  SERIES  OF  PARTIAL  FRACTIONS. 

§  10.]  By  §  8  we  have,  provided  ^+  J(27i-  !>■, 

co8^-8in.^taa^  =  n|l-4^^^1^±^^|       (1). 
Now,  referring  to  §  2,  Cor.  2,  we  have  here 

8^'  ...  L    _       ^-t 


'^mod{(2w  -  1)V"  -  ^tO'Y  mod {(271  -  1)V  -  4^} ' 
where  ^'  =  mod^,  <^'  =  mod<^.  It  follows,  therefore,  that  the 
product  in  (1)  may  be  expanded  as  an  ascending  series  of  powers 
of  <^ 
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Expanding  also  on  the  left  of  (1),  we  have 


(2n  -  l/ir'  -  W 


{(2m  -  l/ir'  -  40'}{(2n  -  1)V  -  4^ 

(2). 

Since  the  two  series  in  (2)  must  be  identical,  we  have,  by 
comparing  the  coefficients  of  <f>, 

^°^  =  «1(2n-l)V-4^  <^)- 

This  series,  which  is  analogous  to  the  expansion  of  a  rational 
function  in  partial  fractions  obtained  in  chap,  viii.,  is  absolutely 
convergent  for  all  values  of  $  except  i^,  f ^,  fir, ...  It  should 
'be  observed,  however,  that  when  6  lies  between  J(2n  -  l)ir  and 
^{2n  +  l)ir,  the  most  important  terms  of  the  series  are  those  in 
the  neighbourhood  of  the  nth  term,  so  that  the  rate  of  converg- 
ence diminishes  as  6  increases. 

We  may,  if  we  please,  decompose  S$/{{2n  -  1)V  -  4^}  into 
2/{(2n  -  l)7r  -  26}  -  2/{(2n  -  l^r  +  26},  and  write  the  series  (3) 
in  the  semi-convergent  form 

tantf  = 

9  0 

(3'). 

In  exactly  the  same  way,  we  deduce  from  (1)  and  (3)  of  §  8 
the  following : — 

^cot^=l-2^  ,  }    ^  (4), 

or 

..       .     .         0           6            6  6 

6cot6=l--     ^  + ^-T 7,  +  - 


2 
-26' 

2 

'T+2e'^ 

2 

2 

IT 

3>r 

-26 

3ir  + 
2 

26 
2 

'5^ 

-26 

5a- + 

20 

IT -6    IT +  6     2^-6     2Tr  +  6 


'  ;-,/..-•••  in 


Stt  -  6/     Stt  +  ^ 
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provided  ^  +  tt,  27r,  37r,  .  .  .  ; 
and 

e  cosec  ^  =  1  +  2^^-,-,^^"-"^  (5), 

nir  -  tr 

or 

e       e        e         e 


6  cosec  ^  =  1  + 


ir-e     v+e     27r-^      27r  +  ^ 

e         e 


Sir-e      Sir +6 
provided  ^4=7r,  27r,  37r,  .  .   .     . 


(5'), 


We  might  derive  (4)  from  (3)  by  writing  (^v  -  6)  for  0  on 
both  sides,  multiplying  by  6,  decomposing  into  a  semi-convergent 
form  like  (3'),  and  then  reassociatiug  the  terms  in  pairs ;  also 
(5)  might  be  deduced  from  (3)  and  (4)  by  using  the  identity 
2  cosec  0  =  isLn^O  +  cot  ^6. 

When  we  attempt  to  get  a  corresponding  result  for  sectf, 
the  method  employed  above  ceases  to  work  so  easily ;  and  the 
iresult  obtained  is  essentially  different.  We  can  reach  it  most 
readily  by  transformation  from  (5').    If  we  put  (5')  into  the  form 

.11           11  1 

cosec  6  =  -^  + ^, ;;  -  -^ T  + 


e  TT-e  w  +  e   2ir-e   27r  +  ^ 

1 1 

■^3ir-tf  37r  +  tf  •■  '  *' 
which  we  may  do,  provided  ^  +  0,  and  then  put  Jtt  -  ^  in  place 
of  $y  we  get 

2  2  2  2 

sec  6  = -^  + 


IT -2$     v+20     37r-2tf     3^+2* 

2  2 


"**  57r  -  20  '^  57r  +  2e 


(6'); 


or,  if  we  combine  the  terms  in  pairs, 

where  0  +  ^ir,  fir,  |7r,  .  .  .      . 

The  series  (6),  unlike  its  congeners  (3),  (4),  and  (5),  is  only 
VOL.  n  z 
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semi-convergent ;  for,  when  n  is  very  large,  its  nth  term  is  com- 
parable with  the  nth  term  of  the  series  21 /(2n  -  1). 

We  might,  by  pairing  the  terms  diflferently,  obtain  an  abso- 
lutely convergent  series  for  sec  ^,  namely, 

but  this  is  essentially  different  in  form  from  (3),  (4),  and  (5). 

Cor.  1.  The  sum  of  all  (he  products  two  and  tivo  of  the  terms  of  the 
series  ^l/{{2n  -  1)V"  -  iff)  is  {tan  0-  0)/!  28^ ;  and  the  like  sum 
fw  the  series  21/{wV"  -  ff)  is  (3- (f -SOcot  ^)/8^. 

This  may  be  readily  established  by  comparing  the  coefficients 
of  <f>*  in  (2)  above,  and  in  the  corresponding  formula  derived 
from  §  8  (1). 

Cor.  2.  The  series  21/{(2n-l)V  -  4^}*  converges  to  the  value 
(0  tan'O  --tane+  Oyeiff";  and  21/ {nV  -  (f)'  to  the  value  (^ cosec'O 
+  Scot  6 -2)140". 

Since  the  above  series  have  been  established  for  all  values  of 

6y  real  and  imaginary,  subject  merely  to  the  restriction  that  0 

shall  not  have  a  value  which  makes  the  function  to  be  expanded 

infinite,  we  may,  if  we  choose,  put  0  =  ui    We  thus  get,  inter  alia, 

tanh  u  =  8w21/{(2n  -  1  )V  +  4t*"}  (8) ; 

w  coth  t*  =  1  +  2w"21/{?iV"  +  u'}  (9)  i 

u  cosech  t*  =  1  -  2m*2(  -  1 )«- VfnV  +  u'}  (1 0)  i 

secht*=  42( - )«-i(2n -  l>r/{(27i-  1)V  +  4w"}        (11). 


EXPRESSIONS  FOR  THE  NUMBERS  OF  BERNOULLI  AND  EULER. 
RADIUS  OP  CONVERGENCY  FOR  THE  EXPANSIONS  OF  TAN  0, 
COTtf,   COSEO^,  AND   SEC  ^. 

§  11.]  If  mod^<7r,  then  every  term  of  the  infinite  series 
26^l{nV  -  ^)  can  be  expanded  in  an  absolutely  convergent  series 
of  ascending  powers  of  0.  Also,  when  all  the  powers  of  0  are 
replaced  by  their  moduli,  the  series  arising  from  l/{nV-6^) 
will  simply  become  l/{7iV*  -  (mod  0)'},  which  is  positive,  since 
mod  0<7r.     The  double  series 
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n=i  I  wV*     nV     '  '  '     n^V^tn     ■  *     J 

therefore   satisfies    Cauchy's   criterion,    and  may   be   arranged 
according  to  powers  of  0.     Hence,  if 

<r„n  =  1/1^  +  1/2^  +  1/3*"*  +  .  .  .  (1), 

we  have,  by  §  10  (4), 

«cot«=l-22^/(nV-^), 

.       =  1  -  22(r««^/ir2^  (2). 

Since  <ram(<<ra)  is  certainly  finite,*  the  series  (2)  will  be  con- 
vergent so  long  as,  and  no  longer  than,  Okv, 
Now,  by  §  4  (9),  we  have 

e  cot^  =  1  -  22«^B^^/(2m) !  (3), 

provided  0  be  small  enough. 

The  two  series  (2)  and  (3)  must  be  identical.  Hence  we 
have 

_^2{2m)\<r^J{2m)l(    111  | 

•^        (27r)2^'*         {2ir)2"*  (  12»»  "^  22"*     S^*^        '  "J     ^  ^* 

§  12.]  If,  instead  of  using  the  expansion  for  OcotO,  we  had 
used  in  a  similar  way  the  expansion  for  tan  0,  we  should  have 
arrived  at  the  formula 


B«  = 


2(2wi)! 


i|  Y2m+32^  +  5&i*  +  -    •    -J      (^)- 


"*     (1  -  l/22^)(27r)2^ 

This  last  result  may  be  deduced  very  readily  from  (4)  j  it.  is, 
indeed,  merely  the  first  step  in  a  remarkable  transformation  of 
the  formula  (4),  which  depends  on  a  transformation  of  the  series 
a-^  due  to  Euler.t  We  observe  that  the  result  of  multiplying 
the  convergent  series  (r„»  by  1  -  1/2^**  is  to  deprive  the  series  of 
all  terms  whose  denominators  are  multiples  of  2.  Thus 
(l-l/2«^)<r^=  1  +  1/3*^+ 1/62"*  +  .   .  .     . 

*  It  may,  in  fact,  be  easily  shown  that  I>sm=l  when  m=ao  ;  for,  by 
chap.  XXV.,  §  26,  we  have  the  inequality  l/(27n-l)>l/2**+l/8*»  +  l/4*" 
+  .  .  .  >l/(2m-l)2»»-^  which  shows  that  L(l/2*^  +  l/3*»+ 1/4*^  +  .  .  .)=0, 
when  m = 00 . 

t  See  IiUrod,  in  Anal,  Inf.,  §  288. 
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If  we  take  the  next  prime,  namely  3,  and  multiply 
(1  -  1/2^)0-8^  by  1  -  1/32^,  we  shall  deprive  the  series  of  all 
terms  involving  multiples  of  3 ;  and  so  on.  Thus  we  shall  at 
last  arrive  at  the  equation 

(1  -  l/22-)(l  -  l/32-)(l  -  I/52-) ...  (1  -  l/p^)<r^ 

=  1  +  l/q^  + .  .  .     (6), 

where  2,  3,  5,  .  .  .,  p  are  the  succession  of  natural  primes  up  to 
p,  and  q  is  the  next  prime  to  p.  We  may,  of  course,  make  q  as 
large  as  we  please,  and  therefore  1/^  +  .  .  ,  (which  is  less 
than  the  residue  after  the  g'  -  1th  term  of  the  convergent  series 
(Tgro)  as  small  as  we  please.     Hence 

<r^  =  1/(1  -  l/22-)(l  -  l/32-)(l  -  I/52-)  .  . .         (7), 
where  the  succession  of  primes  continues  to  infinity.     Hence 
B„»=  2(2w)!/(27r)2'"(l  -  1/22^)(1  -  1/32'«)(1  -  l/S^^) . .  .     (8). 

§  13.]  Bernoulli's  Numbers  are  all  positive;  they  increase  after 
B3 ;  and  have  00  for  an  upper  limit. 

That  the  numbers  are  all  positive  is  at  once  apparent  from 
§  1 1  (4).  The  latter  part  of  the  corollary  may  also  be  deduced 
from  (4)  by  means  of  the  inequality  of  chap,  xxv.,  §  25.  For 
we  have 

l/(2m- 1)>  1/22"*  +  l/32»* +.1/42"*  +  .  .  .  >l/(2m-l)22"»-i    (9). 
Hence 

BnH-i  ^  (2m  +  2)(2m+l)<r„;>+. 
B„,        "         "(27r)V«„ 

(2m  +  2)(2m  +  1){1  +  l/(2m  +  l)2'"*+i} 

(2,rni  +  l/(2m-l)} 
(2m)»-_l 
^"47r»      ' 
Hence    B„»+,/B,»>l,    provided   m- >  >/(7r'' +  i),   that    is,    if 
m>3-16.     Now  B4>Bs,  hence  B3<B4<Ba<  .  .  .     . 

Again,  it  follows  from  (9)  that  L<r„„  =  1  when  m  =  00 ,  and 
L(2m)!/(27r)2"*  is  obviously  infinite ;  hence  LB^  is  infinite. 

Cor.  B,„/(2/7i)!  ultimately  decreases  in  a  geometrical  proportion 
having  for  Us  common  ratio  l/47r'.     From  which  it  follows  that  the 
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series  for  tanO,  Scot  6,  and  OcosecO,  given  m  §  4,  have  for  their 
radii  of  convergence  0  =  ^7r,  v  and  ir  respectively, 

§  14.]  Turning  now  to  the  secant  series,  we  observe  that 
42(  -  f-\2n  -  \yi{{^n  -  l)V  -  4^}  does  not,  if  treated  in  the 
above  way  as  it  stands,  give  a  double  series  satisfying  Cauchy's 
criterion,  for,  although  when  mod  ^  <  Jtt  the  horizontal  series  are 
absolutely  convergent  after  we  replace  $  by  mod  6,  yet  the  sum 
of  the  sums  of  the  horizontal  series,  namely,  42(  -  )^~\2n  -\)irj 
{(2n-  1)V -  4(mod  fff),  is  only  semi-convergent.  We  can,  how- 
ever, pair  the  positive  and  negative  terms  together,  and  deal 
with  the  series  in  the  form 

*^l(4»-3)V-4^     (4«-l)V-4^J  ^'"'' 

,,    ,.  (4ro-3)(4»-l>r'  +  4g'  .,,. 

that  IS,        8'^^{(4„  _  3)V  -  4^}{(4n  -  1)V  -  4fl'}  ^"^• 

Since  (11)  remains  convergent  when  for  9  we  substitute 
modd,  it  is  clear  that  we  may  expand  each  term  of  (10)  in 
ascending  powers  of  6,  and  rearrange  the  resulting  double  series 
according  to  powers  of  6.     In  this  way  we  get 

fl-A?ry  i_— 1— 1  )  ~|^'"^ 

«toL=it(4»-3)*»+i    (4n-l)-^+iXJ^'»+i' 

=    I  22^*T^+,^/ir*»+l      ■  (12), 

where         r^^,  =  l/l2m+i  _  i/32m+i  +  i/52m+i  _     _      (13)^ 

Comparing  (12)  with  the  series 

sec(9=l+2E^^'»/(2m)!, 
obtained  in  §  3,  we  see  that 

.Ox  2W+1  rill  1 

=  2(2m)!  (-)         I  ^^^,  -  p^,  +  ~^,  -  .  .  .  }     (14). 

which  may  be  transformed  into 

E,»  =  2(2m) !  g)"""'/  (1  +  -2:;,,)  (l  -  ^^)  (l  +  ^)  .  .  . 

in  the  same  way  as  before.  (15)* 

*  See  agaiQ  Euler,  IrUrod,  in  Anal.  Inf.,  §  284. 
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Cor.  1.  Evler^s  numbers  are  all  positive  ;  they  continually  increase 
in  magnitude^  and  have  infinity  for  their  upper  limit. 
For  we  have 

l>T«n+,>  1-1/3^+^  (16). 

Hence 

E^^  _  (2m  +  2)(2m+l)iT^+, 

{2m  +  2)(2m  +  1)4(1  -  l/S^'^^+S) 
>  ,  -  . 

TT 

But  this  last  constantly  increases  with  m^  and  is  already 
greater  than  1,  when  m=l.  Hence  E,  <Eg<E8<  .  .  .  Also, 
from  (16),  we  see  that  Lr^n+i  =  1  when  m=oo,  and 
L(2m)  !(2/7r)2"»+i  =  00  ,  hence  LE,„  =  oo . 

Cor.  2.  E„i/(2m)!  ultimately  decreases  in  a  geom^etrical  progres- 
sion whose  common  ratio  is  4/7r*.  Hence  the  radius  of  convergence  of 
the  secant  series  is  0^=  Jtt. 

§  15.]  We  have,  by  §  11  (4), 

and  hence 
1 


1         1_       1  ^  /         1  \2^-^B, 

12m  +  32m  +  52iii  +  •  •  •      [^     22'V    (2m)! 

2(2m)! 


and 


^ =A-  — ^^^- t:5?,r2m 

12m     22'»^32'»     '  ■  '      V       2^    (2m)! 

(2^'"-i^l)B 

"         (2m)! 

Again,  from  (14)  of  last  paragraph 


(2); 


(3). 


_  _1 L_  4.  _i =  ^      -7r2"»+l      ^4) 

T«m+i  -  j2m+l       32m+l'^52m+l       '    *    *  2*»»+2^2m)! 

•  The  remarkable  summationa  involved  in  the  formulie  (1),  (2),  (8)  were 
dUcovered  independently  by  John  Bernoulli  (see  Op.,  t  iv.,  p.  10),  and  by 
Euler  {Comm,  Ac.  Petrop.^  1740). 
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Inasmuch  as  we  have  independent  means  of  calculating  the 
numbers  B^  and  Em,  the  above  formula  enable  us  to  sum  the 
various  series  involved.  It  does  not  appear  that  the  series  (r„n+i 
can  be  expressed  by  means  of  B^  or  E^ ;  but  Euler  has  cal- 
culated (to  16  decimal  places)  the  numerical  values  of  o-^+i  in  a 
number  of  cases,  by  means  of  Maclaurin's  formula  for  approxi- 
mate summation.*  As  the  values  of  <r,„  are  often  useful  for 
purposes  of  verification,  we  give  here  a  few  of  Euler's  results. 
It  must  not  be  forgotten  that  the  formulae  involving  ir  for  Cm 
are  accurate  when  m  is  even;  but  only  approximations  when 
m  is  odd. 


«r,=  1-6449340668  . 
<r,=  1-2020569031  . 
«r,=  1-0823232337  .  . 
<r,=  1-0369277551  . 

.  =x76. 

.  =jr725-79436  . 

.  =jrV90. 

.  =ir7295-1215  . 

<r,=  1-0173430620  . 

.  =5r7946. 

<r,=  1-0083492774  . 
<r,=  1-0040773562  . 
«r,=  1-0020083928  . 

.  =a-72995-286  . 
.  .  =ir79450. 
.  =ir729749-35  . 

EXPANSIONS  OF  THE  LOGARriHMS  OF  THE  CIRCULAR  FUNCTIONS. 

§  16.]  From  the  formulae  of  §§  6  and  7,  we  get,  by  taking 
logarithms, 

log  sin  ^  =  log  ^  +  I  log  (1  -  ^/tiV), 

n=l 


=  log^-  2cr„ 


(1), 


since   the   double   series   arising   from  the  expansions  of  the 
logarithms  is  obviously  convergent,  provided  mod  ^  <  tt. 

If  we  express  a-g,^  by  means  of  Bernoulli's  numbers,  (1)  may 
be  written 

log  sin  ^  =  log  ^  -  2  22^-iB^^/m(2m) !  (1'). 

*  Inst.  Cede,  Diff,^  chap.  vi. 
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The  corresponding  formulaB  for  cos  6  are 

log  cos  ^  =  -  2(2^  -  lynn^'^lmT!^  (2) ; 

=  -  222»»-i(22"*  -  l)B^^/m(2m)!       (2'). 

The  like  f  ormalse  for  log  tan  0,  log  cot  6,  log  sinh  «,  log  cosh  u, 
&c.,  can  be  derived  at  once  from  the  above. 

If  a  table  of  the  values  of  0-^1  or  of  B^  be  not  at  hand,  the 
first  few  may  be  obtained  by  expanding  log  (sin  ^/d),  that  is, 
log(l  -  ^/3!  +  ^/5!- .  .  .),  and  comparing  with  the  series 
-  2(7-a^^^/w^r*^.  For  example,  we  thus  find  at  once  that 
(T,  =  7r*/6. 

Stirling's  theorem. 

§  17.]  Before  leaving  this  part  of  the  subject,  we  shall  give 
an  elementary  proof  of  a  theorem  of  great  practical  importance 
which  was  originally  given  by  Stirling  in  his  Methodus  Differen- 
tialis  (1730). 

When  n  is  very  great,  nl  approaches  equality  with  \/{2mr){nle)^; 
or,  TTwre  accurately,  when  nis  a  large  number,  we  have 

n\  =  ^/(2^)(n/e)«  exp  {l/12n  +  0}  (1), 

where  -  l/24»' <$<  l/24n(w -  1). 

Since  log  {n/{n  -  1)}  =  -  log  (1  -  l/n),  we  have 
n        1     J_     J_^      1  J_ 

^^^7i-l"'n"^2n«'*"3n'^4«^^-  •  •■^wn"*^'  •  •    * 
We  can  deprive  this  expansion  of  its  second  term  by  multi- 
plying by  n  -  J.     We  thus  get 
/i\i^i^  1  m-1 

Hence,  taking  the  exponential  of  both  sides,  and  writing  suc- 
cessively n,  71-1,  n-2,  .  .  .,  2  in  the  resulting  equation,  we 
deduce 


K""-^  /,         1  1 


m-1  \ 
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•      m- 1  •  \ 

/«-2\»-2-l  /,  1  1 


2ffi(m  +!)(»-  2} 


...-_....> 


OT-  1 

2m{m  +  1)3 
/2V-i  /  1  1 


m-1  \ 


2wi(m  +  1)2^ 
By  multiplying  all  these  together,  we  get 


(«-l)  +  ^S'.  +  ^S',  +  .  . . 


^--'-f-iif'-^---}(2). 


7n- 
2m(w- 
where  S'^  =  l/2'»  +  1/3"*  +  1/4"*  + .  .  .  +  1/n^. 
Now 

S'„,  =  S^-l/(n+l)'^-l/(n  +  2)«*-.  .  .  (3), 

where  S^=  1/2"*+ l/3»»  +  .  .  .  +  1/n"*  +  .  .  .  ad  oo. 

By  the  inequality  (6)  of  chap,  xxv.,  §  25,  we  have 
l/(m-l)n"*-i>l/(n+l)"*+l/(n  +  2)"*  +  .  .  . 

>l/(w-l)(n +!)"*-!. 
Hence 

S„  -  l/(m  -  1)  (n  +  l)"-!  >  S'„  >  S„  -  l/(m  -  l)n«-l 
Therefore 
^'  4.  N'  4.  4.      *»-!     q>     . 

g(m-l)S^       I  1  , 

^2  »»(ot  +1)    ■  ^2  »n(m  +  l)«'»-i  ^  ' ' 


^2   wi(ot  +  1)      ^2  'm{m  +  1)  (n  +  1)" 


**2   Wn»+1)'     *2  m(m+ l)(n+l)"'-i    ^* '" 
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Smce  S«  <  U//J  -  1),   the  series  "^m  -  1;S„  m{m  +  1)  con- 
Ter^es  to  a  finite  limit  which  is  independent  both  of  m  and  of  n. 
Again, 


«  1 

2 = 

2  w(m+  l>n'*-* 


1  1  1 


"6» 
Also,  by  (6;, 

00  1 

2 1 

2  m(m  +  1;  (n  +  l)»»-i 

=1(1— i-)_i-_ 

=  (n+l)S-      ^    -  -(»+!)•  2 ^ 

■<— ){-»4T-'«^('-,-h)} 

-("*"-{-<-.:^)-^-'^(>-.-|T)f 
=  +2  + «-(«'  +  »)  log  (l  +  l); 
1  111  11 

^J 1_         1 

2.3n     3.4n''^4.5»'     '  '  '' 

1         1 
"  6»     12n'  W- 

Combining  (2),  (4),  (5),  (7),  and  (8),  we  have 

<expj«-H.J2("^=?-J-+J-.l  (10). 

*^  (  ^2   rn{m+l)      12n     24/t'J  ^     ^ 
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Hence,  putting 

so  that  C  is  a  finite  numerical  constant,  we  have 

n!>Ce-»»»+iexp(-^--2-i^.)  (12). 

<Ce-«.-ie,p(^.2,^)  (13); 

or,  since  the  exponential  function  is  continuous, 

n\  =  Ce-»n»+i  exp  C^  +  e\  (H), 

where  -  l/24n" <$<  l/24n(n -  1). 

Hence,  putting  n  =  oo  on  both  sides  of  (1 4),  we  have 

Ln!  =  CL«-'»n'»+i  (15). 

The  constant  C  may  be  calculated  numerically  by  means  of 
the  equation  (11).  Its  value  is,  in  fact,  \/(27r),  as  may  be  easily 
shown  by  using  Wallis's  Theorem,  §  6  (18). 

Thus  we  have,  when  n  =  oo , 


TT 


2^{n\y{2n  +  I)  _     2^~(n!)*(2n+ 1) 
"•^1'3"...  (27^+1)*'"         {(2W+1)!}-     • 


2         1"3"...  (27^+1)'  {(2w+l)!}" 

Hence,  using  (15),  we  get 

TT  _^  ^,^  2^»g-^^n^+g(2n+l) 
2"  e-*«-2(2n+l)*'*+8  ' 

cv 


=  ^L 


4"{(l  +  l/2n)2n}2{l  +  l/2w}2' 

Therefore,  since  C  is  obviously  positive, 

C=  x/(2ir)  (16). 

Using  this  value  of  C  in  (14),  we  get  finally 

n!  =  >v/(27m)  (n/tf)«  exp  {1/1 2n  +  ^}  *  (17), 

where  -  l/24w" <e<  l/24n(n -  1). 

*  An  elementary  proof  that  Lw !  =  L/s/(2ir»)  (n/e)»  was  given  by  Glaisher 
(Quart.  Jour,  Math,,  1878).  In  an  addition  by  Cayley  a  demonstration  of 
the  approximation  (17)  is  also  given  ;  but  inasmuch  as  it  assumes  that  series 
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Cor.  By  c^mibining  (11)  cmd  (16),  we  deduce  thai 

1  -  0:^'^^^-^-  =  nog2  +  h  logTT  (18), 

where  8^=1/2''* +1/3"* +1/4^'*  +  .  .  .  adoo. 

Exercises  XXIII. 

(1.)  Show  that,  when  modaj>flr,  a;  cot  a:  can  he  expanded  in  the  form 
Ao+2(B„ar*+Cn{C");  and  determine  the  coefficients  in  the  particular  case 
where  flr<aj<2ir. 

(2.)  Show  that  the  snm  of  the  products  r  at  a  time  of  the  squares  of  the 
reciprocals  of  all  the  integral  numbers  is  T'7(2r+l)I ;  and  find  the  like  sum 
when  the  odd  integers  alone  are  considered. 
(3.)  Sum  to  n  terms 

tan^  +  tan  (d  +  T/7i)  +  tan  (d  +  2T/w)  +  .  .  .; 
tan3^  +  tanV  +  "'/w)  +  tanV+2ir/»)  +  -  •  •.    • 

Sum  the  following : — 

(4.)  l/(P  +  ar^)  +  l/(2a  +  a?)  +  l/(3«  +  aj2)  .... 
(6.)  l/ic2-l/(ar»-ir«)  +  l/(ar»-2V)-.  .  .     . 
(6.)  l/a:  +  l/(aj-l)  +  l/(x+l)  +  l/(a;-2)  +  l/(a;  +  2)  +  .  .  .     . 
(7.)  l/(l-e)  +  l/(4-«)  +  l/(9-«)  +  .  .  .+l/(n«-e)  +  .  .  .     . 
(8.)  1/1. 2  +  1/2.4  +  1/3.6  +  1/4. 8  +  .  .  .     . 

Show  that 

(9.)  (ir«-6)/6  =  l/l«.2  +  l/2*.3  +  l/82.4  +  .  ... 
(10.)  ir/8-l/3  =  l/l. 3. 6-1/8.6. 7  +  1/6.7. 9-.  .  .     . 

(11.)  If /r(n)  be  an  integral  function  of  n  whose  degree  is  r,  show  that 
2/r(n)/(2n  - 1)*»  can  be  expressed  in  terms  of  Bernoulli's  numbers,  provided 

r  >  2m  -  2  ;  and  ^{  -  )''-]fr(n)l(2n  -  l)2"*+i  in  terms  of  Euler's  numbers,  pro- 
vided r>  2m- 1. 

In  particular,  show  that 

64V       V2/ 
(12.)  Show  that 

Sl/(7Mr  +  d)«=cosec»d; 


1 . 1+2    1+2+3 
34+   54    +      7*     •    • 


S  l/(7iflr  +  $)* = cosec  *0-l  cosec  ^6, 
-00 
n=0  being  included  among  the  values  to  be  given  to  n,     (Wolstenholme.) 

of  the  form  of  l/2^  +  l/8»*+.  .  .  can  be  expanded  in  powers  of  1/m,  it  cannot 
be  said  to  be  elementary.  The  proofs  usually  given  by  means  of  the  Mac- 
laurin-sum-formula  are  unsatisfactory,  for  they  depend  on  the  use  of  a  series 
which  does  not  in  general  converge  when  continued  to  infinity,  and  which  can 
only  be  used  in  conjunction  with  its  residue.     See  Raabe,  Crelle's  Jour.,  xxv. 


Digitized  by 


Google 


XXX  EXERCISES  XXIH  349 

(1^)  y      ^     _^n/^  Bm}i.vx\/2  +  Bin.irx\/'2      1 

in*  +  x^~  ia?    coah,irxsj2- cos, irx\/2     2jc** 

(Math.  Trip.,  1888.) 
(14.)  Show  that 

00  1  11^  1  . 

„^i{(27i)2-(2m-l)2}a^l6(2m-l)*"2(2m-l)*' 

»  1  IT* 

n=l{(2»-l)2-(2m)2}a^6iw»' 

Also  that  the  sum  of  the  reciprocals  of  the  squares  of  all  possible  differ- 
ences between  the  square  of  any  even  and  the  square  of  any  odd  number  is 
tV884. 

(16.)  If  j9<n,  show  that 

cos^g  _  l** "  1  _  .sin .  (2r  + 1)  vftn  .  cos  .^(2r  + 1 )  ir/2n 
cos7i^""w^=0                  cos^-cos.(2r  +  l)ir/27i 
(16.)  Show  that 
tan-^--  2  itan-i tan-^ —  -  }■  =  tan  "Vtanh  v  cot  u) ; 

00    r  2v  2«  1 

S  i  tan  -^7^ rr jr-  -  tan  -^.^ ^^^ — -^r-  J-  =  tan  -^(tanh  v  tan  u). 

n=i  I  (2/i-l)ir-2w  (27i-l)ir  +  2tt  j  ^  ' 

(Schlomilch,  Handb.  d,  Alg.  Anal,  cap.  xi.) 


(17.)  If    \{x)sxTi{l-(x/nay},    fi{x)=Ti{l- (2xl2n-l,aY},    express 

\{x+a/2)  in  terms  of  fjiJ{x),  and  also  /t(a;+a/2)  in  terms  of  X(x). 
Hence  evaluate  L  1.3.6  .  .  .  (2m-l)V(2m  +  l)/2«m  !. 

**=*  (Math.  Trip.,  1882.) 

(18.)  Show  that,  if  r  be  a  positive  integer, 

r-i\  1/(1-1)  • 


„^.(-r(-i)"-(-w 

(19.)  Show  that 

L    /     ^      ,      ^      ,      ^      .  \_« 

x=oo\«*  +  l*    aj"  +  2*    a^  +  82"^'  *  V"5 


REVERSION   OF  SERIES — EXPANSION   OF  AN  ALGEBRAIC 
FUNCTION. 

§  18.]  The  subject  which  we  propose  to  discuss  in  this  and 
the  following  paragraphs  originated,  like  so  many  other  branches 
of  modem  analysis,  in  the  works  of  Newton,  more  especially  in  his 
tract  De  Analysiper  jEqucUumes  Numero  Terminorum  Injinitas. 
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Let  us  consider  the  function 

2(m,7i)x"'y»s(l,0)a;  +  (0,l)y  +  (2,0K  +  (l,l)a^  +  (0,2y  +  .  .  ., 

where  the  indices  m  and  n  are  positive  integers,  and  we  use  the 
symbol  (tm,  n)  to  denote  the  coefficient  of  ic"*^,  so  that  (m,  n)  is 
a  constant  We  suppose  the  absolute  term  (0,  0)  to  be  zero ; 
but  the  coefficients  (1,  0)  (0,  1)  are  to  be  different  from  zero. 
The  rest  of  the  coefficients  may  or  may  not  be  zero ;  but,  if  the 
number  of  terms  be  infinite,  we  suppose  the  double  series  to  be 
absolutely  convergent  when  modx  =  mody=  1.*  From  this  it 
follows  that  the  coefficient  (m,  tC)  must  become  infinitely  small 
when  m  and  n  become  infinitely  great ;  so  that  a  positive  quantity 
A,  can  in  all  cases  be  assigned  such  that  mod(m,  7i);:^A  whatever 
values  we  assign  to  m  and  n.  It  also  follows  (see  chap,  xxvi., 
§  37)  that  2(m,  n)x^y^  is  absolutely  convergent  for  all  values  of 
X  and  y  such  that  mod  x^  1  mod  y^  1. 

We  propose  to  show  that  one  value^  and  only  one  value^  of  y  as 
a  function  of  x  can  he  found  which  has  the  following  properties : — 

V.  y  is  expansible  in  a  convergent  series  of  integral  powers  of  x 
for  all  values  of  x  lying  within  limits  which  are  not  infinitely  narrow, 

2°.  y  has  the  initial  value  0  when  x=0, 

3°.  y  makes  the  equation 

2(wi,n)a;'Y*=0  (1) 

an  intelligible  identity. 

Let  us  assume  for  a  moment  that  a  convergent  series  for  y 
of  the  kind  demanded  can  be  found     Its  absolute  term  must 
vanish  by  condition  2^.     Hence  the  series  will  be  of  the  form 
y  =  biX  +  b^O!?  +  ba3?+  .  .  .  (2). 

In  order  that  this  value  of  y  may  make  (1)  an  intelligible 
identity,  it  must  be  possible  to  find  a  value  of  :c  <  1  such  that 
(2)  gives  a  value  of  y  <  L  The  series  (1),  when  transformed  by 
means  of  (2),  will  then  satisfy  Cauchy's  criterion,  and  may  be 
arranged  according  to  powers  of  x.     All  that  is' further  necessary 

*  The  more  general  case,  when  the  series  is  convergent  so  long  as  mod  a;  >  a 
and  mody>^,  can  easily  be  broaght  under  the  above  by  a  simple  transform- 
ation. 
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to  satisfy  condition  3^  is  simply  that  the  coefficients  of  all  the 
powers  of  z  shall  vanish. 

It  will  be  convenient  for  what  follows  to  assume  that 
(0,  1)  =  - 1  (which  we  may  obviously  do  -without  loss  of 
generality),  and  then  put  (1)  into  the  form — 

y={{l,0)x  +  (2,0)x'^{3,0y^.   .  .  } 
+  {(l,l)x  +  (2,lK  +  (3,lK+.  .  .  }y 
+  {(0,2)+    (l,2)a:  +  (2,2)2^  +  (3,2)x»+.  .  .  }s^ 

+  {(0,  n)+   (1,  n)a;  +  (2,rL)x"  +  (3,n)a^+  .  .  .  }y** 

(3). 

Using  (2),  we  get 

6,z+      6,z'+      6,/  +  ... 
=  {(1,0>);  +  (2,  oy  +  (3,0)a^  + . . . } 
+  {ll,l)x  +  (2,iy>l'  +  (3,l)3?  +  ...}{b,  +  b,x  +  b,3?  +  ...}x 
+  {(0,2)+   (l,2)a;  +  (2,2>r'  +  (3,2)/  +  ...H6,  +  6.a;  +  6,x'  +  ...}V 

+  {(0,n)  +   (!,»>;  +  (2,  ny  +  {S.ny  + . . .  }{J,  +  b,x  +  b^^  +  ..  .}»x» 

•         •         •         •         -■ (4). 

Hence,  equating  coefficients,  we  have 

6.  =  (1,0), 

6,  =  (2,0)  +  (l,l)J.     +(0,2)J.', 

6.  =  (3, 0)  +  (1, 1)6.     +  (2, 1)6.     +  (1,  2)6,'  +  2(0,  2)6,6.  +  (0, 3)6.', 

K  =  («,  0)  +  (1, 1)6„.,  +  (2, 1)6„..  +  .  .  .  +  (0,  n)6.» 

(5)- 

Here  it  is  important  to  notice  that  each  equation  assigns  one 
of  the  coefficients  as  an  integral  function  of  all  the  preceding 
coefficients.  Hence,  since  the  first  equation  gives  one  and  only 
one  value  for  5,,  all  the  coefficients  are  uniquely  determined. 
There  is  therefore  only  one  value  of  y,  if  any. 

In  order  to  show  that  (5)  really  affords  a  solution,  we  have  to 
show  that  for  a  value  of  x  whose  modulus  is  small  enough,  but 
not  infinitely  small,  the  conditions  for  the  absolute  convergency 
of  (2)  and  (4)  are  satisfied  when  &i,  is,  .  .  .  have  the  values 
assigned  by  (5). 
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This,  following  a  method  invented  by  Cauchy,  we  may  show 
by  considering  a  particular  case.  The  moduli  of  the  coefficients 
of  the  series  (3)  have,  as  we  have  seen,  a  finite  upper  limit  A. 
Suppose  that  in  (3)  all  the  coefficients  are  replaced  by  A,  and 
that  X  has  a  positive  real  value  <  1.     Then  we  have 

y  =  \{x  +  x^  +  Q?-\-  .  .  .  } 
+  \.{x  +  Q? -¥0?  +  .   .   .  }y 
+  A.{1  +a:  +  ic'  +  a;^+  .  .  .   }/ 

(6). 

This  series  is  convergent  so  long  as  2  <  1  and  mod  y  <  1.  It 
can,  in  fact^  be  summed ;  for,  adding  A.  +  Ay  to  both  sides,  we  get 

(l  +  %-fA  =  A/(l-a:)(l-y), 
that  is,  (1  +  A)/  -  y  +  Aa;/(1  -  ic)  =  0. 

Hence,  remembering  that  the  value  of  y  with  which  we  are 
concerned  vanishes  when  a:  =  0,  we  have 

y  =  [l-  ^/{l-4A(l+AMl-x)}]/2(A+l)         (7). 

Now,  provided  4A(1  +  A)a:/(1  -  aj)<  1,  that  is,  x<l/{2k  +  1)', 
the  right-hand  side  of  (7)  can  be  expanded  in  an  absolutely  con- 
vergent series  of  integral  powers  of  x,  the  absolute  term  in  which 
vanishes.  Also,  when  a;<  1/(2A+ 1)*,  the  value  of  y  given  by 
(7)  is  positive  and  <  1,  therefore  the  absolute  convergency  of  (6) 
is  assured. 

It  follows  that  the  problem  we  are  considering  can  be  solved 
in  the  present  particular  case.  If  we  denote  the  series  for  y  in 
this  case  by 

y  =  Cjic  +  C,ic"  +  CaOj"  +  .  .  .  (8), 

then  the  equations  for  determining  Cj,  C^,  Cg,  .  .  .  will  be 
found  by  putting  (1,  0)  =  (2,  0)  =  (1,  1)  =  .  .  .  =  A  in  (5),  namely, 

C,  =A, 

C,  =  A(l  +  C,  +  C,*), 

C3  =  A(l  +  C.  +  C,  +  C,"  +  2C|C.  +  C,% 


(9); 


Digitized  by 


Google 


XXX  GENERAL  EXPANSION  THEOREM  353 

from  which  it  is  seen  that  C^  C,,  Cs,  .  .  .  are  all  real  and 
positiva 

Betuming  now  to  the  system  (5),  and  denoting  moduli  by 
attaching  dashes,  we  have,  since  (1,  0)',  (2,  0)',  ^c,  are  all  less 
than  A,, 

h'  =(1,  oy<A<Cn 

^;>(2,  o)'  +  (i,  iyv  +  (o,  2)'v"<A(i  +  c,+c,')<c., 

V>(3,0)'  +  (1,1)'V  +  (2,1)'6/  +  (1,  2ybr+2{o,2)%y  +  (0,  3y6/», 

<X{1  +  C,  +  C,  +  C»"  +  2C.C,  +  C,»)<C3, 
(10). 

Hence  the  moduli  of  the  coefficients  in  (2)  are  less  than  the 
moduli  in  the  series  (8),  which  is  known  to  be  absolutely  con- 
vergent. It  therefore  follows  that  the  series  (2)  will  certainly  be 
absolutely  convergent,  provided  mod  x  <  1/(2  A  +  1)*. 

It  only  remains  to  show  that  x  may  be  so  chosen  (and  yet 
not  infinitely  small)  that  y  as  given  by  (2)  shall  be  such  that 
y'<l.     We  have 

<[1-  V{l-U(l  +  A)x7(l-»')}]/2(A+l)     (11). 

Now  the  right-hand  side  of  (11)  is  less  than  1,  provided 
x'<l/(2A+l)'.  If,  therefore,  mod  a;  <  1/(2 A  +  1)',  the  absolute 
convergency  of  the  double  series  (3)  or  (4)  will  be  assured; 
and  (2)  will  convert  (1)  into  an  intelligible  identity. 

We  have  thus  completely  established  that  one  and  only  one 
value  of  y  expansible  within  certain  limits  as  a  convergent  series 
of  integral  powers  of  x  can  be  found  to  satisfy  the  equation  (1)  ; 
and  the  like  follows  for  x  as  regards  y.  The  functions  of  x  and  y 
thus  determined,  being  representahle  by  jmoer-serieSj  are  of  course  con- 
tinuous. The  limits  assigned  in  the  course  of  the  demonstration 
for  the  admissibility  of  the  solution  are  merely  lower  limits ;  and 
it  is  easy  to  see  that  the  solution  is  valid  so  long  as  (2)  itself 
and  the  double  series  into  which  it  converts  the  left-hand  side  of 
(1)  remain  absolutely  convergent. 

VOL.  11  2  a 
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It  should  be  remarked  that  we  have  not  shown  that  no  other 
power-series  whose  absolute  term  does  not  vanish  can  be  found  to 
satisfy  (1) ;  nor  have  we  shown  that  no  other  function  having 
zero  initial  value,  but  not  expansible  in  integral  powers  of  x^  can 
be  found  to  satisfy  (1).  We  shall  settle  these  questions  presently 
in  the  case  where  the  series  2(w,  n)x^^  terminates. 

§  19.]  The  problem  of  the  Reversion  of  Series  properly  so 
called  is  as  follows  : — 

Given  the  equation 

aJ  =  ao  +  a,„3r  +  a,»+i3r+^  +  .  .  .  (1), 

where  a»i=t=0,  biU  a©  ^'^y  ^  ^'wiy  not  be  zero,  and  the  series 
^jny*"  +  ^m+iy"*"^^  +  .  .  .  M  absolutely  convergent  so  long  as 
mod  y:^a  fixed  positive  quantity  p,  to  find  a  convergent  expansion  or 
convergent  expansions  for  y  in  ascending  powers  of  x-a^ 

Let  ^  denote  {(«  — ao)/a^}^'"*,  that  is,  the  principal  value  of 
the  wth  root  of  (« -  a^jami  and  w^  a  primitive  wth  root  of 
unity,  then  (1)  is  equivalent  to  m  equations  of  which  the 
following  is  a  type  : — 

^r^  =  y(l+^V+"f-^-V+.   .    O"^  (2). 

Now,  the  series  inside  the  bracket  in  (2)  being  absolutely 
convergent  for  all  values  of  y  such  that  mody:J>p,  it  follows 
from  the  binomial  theorem  combined  with  §  1  that  we  can,  by 
taking  y  within  certain  limits,  expand  the  right-hand  side  of  (2) 
in  an  ascending  series  of  powers  of  y.     We  thus  get,  say, 

-o),n''^  +  y  +  Cy  +  Cy+.  .  .=0  (3). 

It  follows,  therefore,  from  the  general  theorem  of  last  para- 
graph that  we  have,  provided  mod  ^  does  not  exceed  a  certain 
limit. 

We  have,  of  course,  m  such  results,  in  which  the  coefficients 
^u  hi  b^,  ,  ,  ,  will  be  the  same,  but  r  wUl  have  the  different  values 
0,1,2,.  .  .,  (m-1). 

Each  of  these  solutions  is,  by  chap,  xxvi.,  §  19,  a  continuous 
function  of  x. 
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Cor.  In  the  jHirticuiar  case  where  ao=  0,  m=  1,  we  get  the  single 
solution 

y  =  h^x  +  h^-{'b^+  .  .  .  (5). 

Example.  To  reverse  the  series 

a=l  +  yAJ+y"/2!  +  y'/3!+.  .  .  (6). 

Let  2=1+2,  then  we  have 

Hence,  provided  mod  x  lie  within  a  certain  limit,  we  must  have  by  the 
general  theorem 

y=hix+b^+b9X^+  ,  .  .  (8). 

Knowing  the  existence  of  the  convergent  expansion  (8),  we  may  determine 
the  coefficients  as  follows. 

Give  y  a  small  increment  k,  and  let  the  corresponding  increment  ofxheh; 
then,  from  (7),  we  have 

.-(y+^)-y.(y+^)'-y'.(y+^y-y'. 

1!  2!  3!         ■^-  •  •     • 

Hence,  since  L{(y+A:)*»-y»}/*=»y*-^  when  A:=0,  and  since,  owing  to 
the  continuity  of  the  series  as  a  function  of  y,  h=0  when  A:=0,  we  have 

^jfc"^  +  l!^2l^'  ••' 

=  l  +  x  (9). 

Again,  from  (8),  we  have,  in  like  manner, 

L|=6i  +  2ft3^  +  86,{K«+.  .  .  (10). 

Combining  (9)  and  (10),  we  have 

bi+2b^+Zb^+  .  .  .  =l/(l+z), 

=  l-«+aj^-  .... 
We  must  therefore  have 

6i  =  l,    &2=-l/2,     J8=l/8,  .... 
Therefore 

X    a^  .  a^ 


^2-l_(2>l)V    (Z-1)» 

1  2  8" 


(11). 


It  must  be  remembered  that  (11)  gives  only  that  branch  of  the  function  y 
which  is  expansible  in  powers  of  2- 1  and  which  vanishes  when  «=1.  We 
have,  in  fact,  merely  given  another  investigation  of  the  expansion  of  the 
principal  value  of  logs. 

§  20.]    Expansions  of  the  various  branches  of  an  Algebraic 
Function, 
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The  equation 

2(wi,n>c"^y«  +  (0,  0)  =  0  (1), 

where  the  series  on  the  left  termiruUes,  gives  for  any  assigned  value 
of  2  a  finite  number  of  values  of  y.  If  the  highest  power  of  y 
involved  be  the  nth,  we  might,  in  fact,  write  the  equation  in  the 
form 

A,^«  +  An-,y*»-^+.  .  .+Aiy  +  Ao  =  0  (2), 

where  Ao,  A,,  .  .  .,  A«  are  all  integral  functions  of  x.  K,  then, 
we  give  to  x  any  particular  value,  a,  real  or  complex,  it  follows 
from  chap,  xii.,  §  23,  that  we  get  from  (2)  n  corresponding  values 
of  y,  say  &i,  ftg,  .  .  .,  in-  I^  w®  change  x  into  a  value  a  +  h 
differing  slightly  from  a,  then  &i,  5,,  .  .  .,  b^  will  change  into 
bi  +  ki,  ba  +  k^,  .  .  ',  bn  +  K'j  that  is  to  say,  we  shall  get  n  values 
of  y  which  will  in  general  be  different  from  the  former  set  We 
may  therefore  say  that  (2)  defines  y  as  an  n-valued  function  of 
X ;  and  we  call  y  when  so  determined  an  algebraic  function  of  x. 

Since  every  equation  of  the  form  y  =  F(x),  where  F(x)  is  an 
ordinary  irrational  algebraic  function  (as  defined  in  chap,  xiv., 
§  1),  can  be  rationalised,  it  follows  that  every  ordinary  irrational 
algebraic  function  is  a  branch  of  an  algebraic  function  as  now 
defined.  Since,  however,  integral  equations  whose  degree  is 
above  the  4th  cannot  in  general  be  formally  solved  by  means 
of  radicals,  it  does  not  follow,  conversely,  that  every  algebraic 
function  is  expressible  as  an  ordinary  irrational  algebraic  function. 

In  what  follows  we  assume  that  the  equation  (2)  contains  (so 
long  as  X  and  y  are  not  specialised)  no  factor  involving  x  alone 
or  y  alone.  We  also  suppose  that,  so  long  as  2;  is  not  assigned, 
the  equation  is  IrredticU)le,  that  is  to  say,  that  it  has  not  a 
root  in  common  with  an  integral  equation  of  lower  degree  in  y 
whose  coefficients  are  integral  functions  of  x.  If  this  were  so,  a 
factor  could  (by  the  process  for  obtaining  the  G.C.M.  of  two 
integral  functions)  be  found  having  for  its  coefficients  integral 
functions  of  x,  and  the  roots  of  the  equation  formed  by  equating 
this  factor  to  0  would  be  the  common  root  or  roots  in  question. 
Therefore  the  equation  (2)  could  be  broken  up  into  two  integral 
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equations  in  y  whose  coefficients  would  be  integral  functions  of  x ; 
and  each  of  these  would  define  a  separate  algebraic  function  of  x. 
The  condition  of  irreducibility  involves  that  (2)  cannot  have 
two  or  more  of  its  roots  equal  for  all  values  of  x.  For,  if  (2) 
had,  say,  r  equal  roots,  then,  denoting  all  the  roots  by 
yi,  y«,  •  •  M  Vn,  the  equation 

%-y.)(y-yi)---(y-y«-i)(y-y«+i)---(y-yn)  =  o  (3) 

would  have  r  -  1  roots  in  common  with  (2),  for  r  -  1  equal 
factors  would  occur  in  each  of  the  terms  comprehended  by  2. 
Now  the  coefficients  of  (3)  are  S3rmmetric  functions  of  the  roots 
of  (2) ;  therefore  (3)  could  be  exhibited  as  an  equation  whose 
coefficients  are  integral  functions  of  Ao,  A^,  .  .  .,  A^^,  and  there- 
fore integral  functions  of  a:.*  Hence  (2)  would  be  reducible, 
which  is  supposed  not  to  be  the  case. 

It  must,  however,  be  carefully  noticed  that  irreducibility  in 
general  (that  is,  so  long  as  a;  is  not  specialised)  does  not  exclude 
reducibility  or  multiplicity  of  roots  for  particular  values  of  x.  In 
fact,  we  can  in  general  determine  a  number  of  particular  values 
of  X  for  which  (2)  and  (3)  may  have  a  root  in  common.  In  other 
words,  it  may  happen  that  the  n  branches  of  y  have  points  in  common  ; 
hit  it  cannot  happen  that  any  tvx)  of  the  n  branches  wholly  coincide. 

When,  for  x  =  a,  the  n  values  ft,,  ^a,  .  .  .,  ftn  are  all  different, 
a  (or  its  representative  point  in  an  Argand-diagram)  is  called  an 
ordinary  point  of  the  function  y,  and  6i,  ft«,  .  .  .,  6n  single  values. 
If  ft,  =  6,  =  .  .  .  =  ftr,  each  =  ft,  say,  then  a  is  called  an  r-ple  point 
of  the  function,  and  ft  an  r-ple  value. 

For  every  value  of  x  {zero  point)  which  makes  Ao  =  0,  one 
branch  of  y  has  a  zero  value ;  for  every  value  of  x  {double  zero 
point)  which  makes  A©  =  0  and  A,  =  0,  two  branches  have  a  zero 
value;  and  so  on.  These  are  called  single^  double,  .  •  •>  zero 
values. 

For  every  value  of  x  {pole)  which  makes  A^  =  0,  one  branch 
of  y  has  an  infinite  value ;  for  every  value  of  x  {double  pole) 
which  makes  A,j  =  0  and  A^_,  =  0,  two  branches  have  an  infinite 


•  See  chap.  xviiL,  §  4. 
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value;   and  so  on.     These  may  be  called   single,  double,  .  .  ., 
infinities  of  the  function. 

The  main  object  of  what  follows  is  to  show  that  eveiy  branch 
of  an  algebraic  function  is  (vnthin  certain  limits),  in  tlie  neighbourhood 
of  every  point,  expansible  in  an  ascending  or  descending  power  series 
of  a  particular  kind  ;  and  thus  to  show  thai  every  branch  is,  except  at 
a  pole,  continuous  for  all  finite  values  of  x. 

§  21.]  If,  at  the  point  x  =  a,the  algebraic  function  y  has  a  single 
value  y  =  b,  then  y-b  is,  mthin  certain  limits,  expansible  in  an 
absolutely  convergent  series  of  the  form 

y-b  =  C,(x-a)  +  C/x-ay  +  C^{x-ay+  .  .  .       (4). 

Let  x  =  a  +  ^,  y  =  b  +  ri,  then  the  equation  (1)  becomes,  after 
rearrangement, 

(0,  0)  +  (1,  0)^  +  (0,  Ih  +  (2,  0)f  +  &c.  =  0  (5). 

Since  y  =  b  is  a  single  root  of  (1)  corresponding  to  2  =  0,  it 
follows  that  when  ^  =  0  (5)  must  give  one  and  only  one  zero 
value  for  rj.     Therefore  we  must  have  (0,  0)  =  0  and  (0,  1)4=  0. 

It  follows,  from  the  general  theorem  of  §  18,  that  within 
certain  limits  the  following  convergent  expansion, 

and  no  other  of  the  kind  will  satisfy  the  equation  (5) ;  that  is, 
y  =  b  +  C,{X'a)  +  C,{x-ay  +  C^{x-ay+  ...        (6) 
will  satisfy  (1). 

The  function  y  determined  by  (6)  is  continuous  so  long  as 
mod  {x  -  a)  is  less  than  the  radius  of  convergency  of  the  series 
involved ;  and  it  has  the  value  y  =  b  when  x  =  a. 

If  we  suppose  all  the  values  of  y,  say  6,,  ftg,  .  .  .,  bn,  corre- 
sponding to  aj  =  a  to  be  single,  then  we  shall  get  in  this  way  for 
each  one  of  them  a  value  of  the  function  y  of  the  form  (6). 
Hence  we  infer  that 

Cor.  So  long  as  no  two  of  the  branches  of  an  algebraic  function 
have  a  point  in  common,  each  branch  is  a  continuous  fandion  of  x  ; 
and  the  increment  of  y  at  any  point  of  a  particular  branch  is  expan- 
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sU)le  in  an  ascending  series  of  powers  of  the  increment  of  x  so  long  as 
the  modulus  of  the  increment  of  z  does  not  exceed  a  certain  finite 
value, 

§  22.]  We  proceed  to  discuss  the  modification  to  which  the 
conclusions  of  last  paragraph  are  subject  when  a;  =  a  is  a  multiple 
point  of  the  function  y. 

We  shall  prove  that  for  every  multiple  point  of  the  gth  order,  to 
which  corresponds  a  q-ple  value  y  =  h,  we  can  find  q  different  convergent 
expansions  for  y  of  the  form  y  =  b  +  ^Cr{x  -  a)*",  where  the  exponents  r 
form  a  series  of  increasing  positive  fractional  numbers. 

It  will  probably  help  the  reader  to  keep  the  thread  of  the 
somewhat  delicate  analysis  that  follows  if  we  premise  the  follow- 
ing remarks  regarding  expansibility  iu  ascending  power-series 
in  general : — 

If  7;  be  expansible  in  an  absolutely  convergent  ascending 
series  of  positive  powers  of  ^,  of  the  form 

^ = c;r + c.r'"" + c.r^'"'"'  +  •  •  •     (a), 

where  a,,  a,,  .  .  .  ai*e  all  positive,  then  we  can  establish  a  series 
of  transformations  of  the  following  kind  : — 

'?=r(c.+^.),  i?.=r(c.+%),  ^.=r(c,+'?3),  .... 

,,„_,= r(c„+w  (B), 

where  7/,,  17,,  .  .  .,  ^n  aW  vanish  when  ^  =  0  ;  Ci,  Cg,  .  .  .,  C» 
are   all   independent   of  ^,    and   all   different  from  zero;  and 

C,  =  L7;/r,  C,  =  LWr,  .  .  .,Cn  =  L7;n-./r  wlien^  =  0. 

Conversely,  if  we  can  establish  a  series  of  transformations  of 
the  form  (B),  and  if  we  can  show  that  ?yn  is  expansible  in  a  series 
of  ascending  positive  powers  of  ^,  it  will  obviously  follow  that  -q 
is  expansible  in  the  form  (A). 

Let  now  y  =  6  be  a  ^-ple  value  of  y  corresponding  to  a;  =  a, 
and  put  as  before  x  =  a  +  ^,  y  =  h  +  'q,  then  the  equation  (1) 
becomes 

2(w,  n)^!^  =  0  (7). 
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Since  q  values  of  y  become  h  when  x  =  a,  q  values  of  rj  must 
become  0  when  ^=0.  Hence  the  lowest  power  of  rj  in  (7) 
which  is  not  multiplied  by  a  power  of  ^  must  be  rj^.  There 
must  also  be  a  power  of  ^  which  is  not  multiplied  by  a  power  of 
rj,  otherwise  (7)  would  be  divisible  in  general  by  some  power  of 
rj,  which  is  impossible  since  (1)  is  irreducibla  Let  the  lowest 
such  power  of  ^  be  ^^. 
Put  now 

,  =  ^\C,  +  ,,)  =  ^f  (8), 

and  let  us  seek  to  determine  a  positive  value  of  \  such  that 
Ci  =  ]>  =  Lt;/^  is  finite  both  ways*  when  ^  =  0. 
The  equation  (7)  gives 

2(wi,  n)^+^V»  =  0  (9). 

Now  (9)  will  furnish  values  of  v  which  are  finite  both  ways  when 
^  =  0,  provided  we  can  so  determine  A  that  at  least  two  terms  of 
(9)  are  of  the  same  positive  degree  in  ^,  and  lower  in  degree 
than  all  the  other  terms. 

Assume  for  the  present  that  we  can  find  a  value  of  k  for 
which  a  group  of  r  terms  has  the  character  in  question,  so  that 

S  =  mi  + A7ii  =  wi,  +  A7i,=  .  .  .=mr  +  X.nr         (10), 
where  «i>W8::f>  .  .  .   >n,.; 

and  X  =  (mi  -  my)/(n,.  -  fii)  (11). 

8  =  (wiiTV  -  rn^rn^liur  -  Uy). 

Then,  putting  $,  =  i^'^'^~''^\l[  so  that  ^,  =  0  when  |=0,  and 
dividing  out  ^^y^r-'m^i^  ^^  deduce  an  equation  of  the  form 

<^(^»  «^)^i  +  (^r,  nryo^  +  {rrir,,,  TV-Jv"^""'  +  .  .  .  +  (m,,  ny"  =  0 

(12), 
where  <^(^i,  v)  is  an  integral  function  of  ^,  and  v. 

For  our  present  purpose  we  are  concerned  only  with  those 

*  That  is,  neither  zero  nor  infinite — a  useful  phrase  of  De  Morgan's. 

t  It  is  suflScient  for  our  purpose  to  take  the  principal  value  merely  of  the 
{rir-ni)th  root  of  {.  It  must  he  observed  that  in  these  operations  no  factor 
is  to  be  divided  out  of  tv-t^i  ;  Bee  Example  1. 
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roots  of  (12)  whose  initial  values  are  finite  both  ways.  There  are 
evidently  w^  -  n^  such  roots,  and  their  initial  values  are  given  by 

(13). 
If  the  roots  of  (13)  are  all  different,  then  we  get  Ur-n^  trans- 
formations of  the  form  (8) ;  and  the  corresponding  values  of  v, 
that  is,  of  C, +  7/,,  are  given  by  the  algebraical  equation  (12). 
Moreover,  since  all  the  values  of  v  are  single,  we  shall  get  for 
each  value  of  rji  an  expansion  of  the  form 

=  d.^l^'^-'''^  +  rf,g2/(^-^^^  +  .  .  .  (14) ; 

and  each  of  these  will  give  for  ri  a  corresponding  expansion  of 
the  form 

7,  =  c  ^^^  ~  ^')/(^''  ~'^^^  +  d  i"^^  ~  *^  "^  ^^^^^  "■  ^^^ 

If  a  group  of  the  roots  of  (13)  be  equal,  then  we  must  pro- 
ceed by  means  of  a  second  transformation, 

^i  =  ^AC.  +  7;.)  (15), 

to  separate  those  roots  of  (12)  which  have  equal  values.  If  the 
next  step  succeeds  in  finally  separating  all  the  initial  values,  then 
we  have  for  each  of  the  group  of  equal  roots  of  (13)  two  trans- 
formations (8)  and  (15),  and  finally  an  expansion  like  (14'),  the 
result  being  the  final  separation  of  all  the  n^-n,  roots  of  (12), 
with  convergent  expansions  for  each  of  them. 

Moreover,  we  must  in  every  case  be  able,  by  means  of  a 
finite  number  of  transformations  like  (8)  and  (15),  to  separate 
the  initial  values,  otherwise  we  should  have  two  branches  of  y 
coincident  up  to  any  order  of  approximation,  which  is  impossible, 
since  (1)  is  irreducible. 

All  that  now  remains  is  to  show  that  we  can  in  all  cases 
select  a  number  of  groups  of  terms  satisfying  the  conditions  (10) 
sufficient  to  give  us  g  expansions  corresponding  to  the  q  branches 
which  meet  at  the  g-ple  point  x  =  a. 
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The  best  way,  both  in  theory  and  in  practice,  of  settling  this 
point  is  to  use  NewtorCs  Parallelogram^  which  is  constructed  as 
follows  : — Let  OX  and  OY  (Fig.  1)  be  a  pair  of  rectangular  axes, 
the  first  quadrant  of  which  is  ruled  into  squares  (or  rectangles) 
for  convenience  in  plotting  points  whose  co-ordinates  are  positive 
integers.     For  each  term  (m,  iij^rj^  in  equation  (7)  we  plot  a 


Fio.  1. 

point  K  {degree-point)  whose  co-ordinates  are  OM  =  m,  MK  =  n. 
We  observe  that,  if  KP  be  drawn  so  that  cot  KPO  =  A,  then 
OP  =  OM  +  MP  =  m  +  nA.  Hence  OP  is  the  degree  in  ^  of  the 
term  in  (9)  which  corresponds  to  (tti,  n)^rj^.  If,  therefore,  we 
select  any  group  of  terms  whose  degree-points  lie  on  a  straight 
line  A,  these  will  all  have  the  same  degree  in  ^,  namely,  the 
intercept  of  A  on  OX. 

The  necessary  and  sufficient  conditions,    therefore,  that  a 
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group  of  two  or  more  terms  furnish  the  initial  values  of  a  group 
of  expansions,  let  us  say  be  an  effective  group^  are : — 

l**.  That  the  line  A  containing  the  degree-points  shall  cut 
OX  to  the  right  of  0,  and  OY  above  0.  This  secures  that  k  be 
positive. 

2^.  That  all  the  other  degree-points  shall  lie  on  the  opposite 
side  of  A  to  the  origin.  This  secures  that  all  the  other  terms  in 
(9)  be  of  higher  degree  in  f  than  those  of  the  selected  group. 

We  have  thus  the  following  rule  for  selecting  the  effective 
groups : — 

Let  A  and  £  be  the  degree-points  of  the  terms  that  contain 
f  and  17  alone,  so  that  0A=|?,  OE  =  g.  Let  a  radius  vector, 
coinciding  originally  with  AXg,  turn  clock-wise  about  A  as 
centre  until  it  passes  through  another  of  the  degree-points  B. 
If  it  passes  through  others  at  the  same  time  as  B,  let  the  last  of 
them  taken  in  order  from  A  be  C.  Next^  let  the  radius  turn 
about  C  as  centre  in  the  same  direction  as  before,  until  it  passes 
through  another  point  or  points,  and  let  the  last  of  this  group 
taken  in  order  from  G  be  D.  Then  let  the  radius  turn  about 
D ;  and  so  on,  until  at  last  it  passes  through  E,  or  through  a 
group  of  which  E  is  the  last. 

We  thus  form  a  broken  line  convex  towards  0,  beginning  at 
A  and  ending  at  E,  every  part  of  which  contains  a  group  of 
degree-points  the  terms  corresponding  to  which  satisfy  the  con- 
ditions (10). 

Now  the  degree  of  the  equation  (13)  corresponding  to  any 
group  CD  is  the  difference  between  the  degrees  of  7/  in  the  first 
and  last  terms  G  and  D ;  but  this  difference  is  the  projection  of 
CD  on  OY.  The  sum  of  all  the  projections  of  AC,  CD,  &c.,  on 
OY  is  OE,  that  is  to  say,  q.  Hence  we  shall  get,  by  taking  all 
the  groups  AG,  CD,  &c.,  q  different  expansions  for  y  correspond- 
ing to  the  q  different  branches  that  meet  at  the  multiple  point 
a;  =  0.  Each  one  of  these  has  the  same  initial  value  5,  and  each 
is  represented  by  a  separate  expansion  in  positive  ascending 
fractional  powers  of  a;  -  a. 


Digitized  by 


Google 


364  EXAMPLE  OF  EXPANSION  chap. 

Example.  To  separate  the  branches  of  the  function  rj  at  the  point  {=0, 
17  being  determined  by 

DeV  +  Cf  173  +  EiyW  +  B^"i7  +  A^"  +  L^^i/* 

+ Ji v + Fw» + K  w + oev'* + 1?  V 

+  H?V'=0.  (16). 

The  lowest  term  in  17  alone  is  rj^^,  so  that  ^= 0  is  a  multiple  point  of  the  10th 
order.  Plotting  the  degrees  of  the  terms  in  Newton's  diagram,  and  naming 
the  points  by  affixing  the  coefficients,  we  find  (see  Fig.  1)  that  the  effective 
groups  are  ABC,  CD,  DE.     Taking,  for  simplicity  of  illustration, 

A=+2,     B=-3,     C=+l,     D=-l,     E=+l, 
we  get  from  the  group  ABC 

X=6/2,  andi;'-3t7  +  2=0, 
that  is,  17=1,  or  2,  the  corresponding  expansions  being 

i7=«l+^i^^+^r^'+.  .  .), 
i7=|3(2  +  rfi'^i«  +  rfa'P^+.  .  .). 
From  the  group  CD,  we  get 

X=4/8,  v3_i  =  o, 
that  is,  v=l,  w,  w^,  where  w  is  a  primitive  imaginary  cube  root  of  1,  the  cor- 
responding expansions  being 

V=^{l+dj^v^+ck^^+..  .  .), 
i;  =  e^(a;  +  d,'^i/3  +  d2'r/'+.   .   .). 
i7=^*'»(w«  +  rf/^w»  +  <i2T^+.  .  .). 
In  like  manner,  D£  gives  five  expansions  of  the  type 

where  a  is  any  one  of  the  five  5th  roots  of  1. 
All  the  ten  branches  are  thus  accounted  for. 

It  should  be  observed  that,  if  we  fonn  an  integral  equation 
by  selecting  from  any  given  oiie  a  series  of  terms  which  form  an 
effective  group,  the  new  equation  gives  an  algebraic  function. 
Those  branches  of  this  function  that  have  zero  initial  values 
coincide  to  a  first  approximation  (that  is,  as  far  as  the  first  term 
of  the  expansion)  with  certain  of  the  branches  of  the  algebraic 
function  determined  by  the  original  equation  which  have  initial 
zero  values.  Thus,  reverting  to  the  example  just  discussed, 
from  the  group  ABC  we  have 

This  gives,  when  we  drop  out  the  irrelevant  factor  ^\ 

which  breaks  up  into  two  equations. 
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and  thus  determines  two  functions,  each  of  which  has  a  branch 
coincident  to  a  first  approximation  with  a  branch  of  rj  (as  deter- 
mined by  (16))  which  has  zero  initial  value. 

In  like  maimer,  DE  gives  C^  +  D?;'  =  0 ;    and  DE  gives 

We  thus  get  a  number  of  binomial  equations,  each  of  which 
gives  an  approximation  for  a  group  of  branches  of  the  function 
Tf  determined  by  (16).  We  shall  return  to  this  view  of  the 
matter  in  §  24. 

§  23.]  Before  leaving  the  general  theory  just  established,  we 
ought  to  point  out  that  NewtorCs  Parallelogram  enables  us  to 
obtain^  at  every  point  (singular  or  rum-singvlar)^  convergent  expansions 
for  every  branch  of  an  algebraic  function  in  ascending  or  descending 
power-series,  as  the  case  may  be. 

To  establish  this  completely,  we  have  merely  to  consider  the 
remaining  cases  where  aj  or  y  or  both  become  infinite. 

1st.  Let  us  suppose  that  the  value  of  the  function  y  tends 
towards  a  finite  limit  b  when  x  tends  towards  oo .  Then,  if  we 
put  rj  =  y-b,  a;  =  ^,  we  shall  get  an  equation  of  the  form 

2(7»,n)^7y«  =  0  (17), 

which  gives  t;  =  0  when  f  =  oo . 

Let  us  suppose  that  Fig.  1,  as  originally  constructed,  is  the 
Newton-diagram  for  (17),  and  let  ^  be  the  highest  power  of  f 
that  occurs  in  (17)  so  that  003  =  A:.  Now  in  (17)  put  g=  1/^, 
and  multiply  the  equation  by  f  * ;  we  then  get  the  equation 

2(m,w)f*-"*7;"  =  0  (18), 

which  is  obviously  equivalent  to  (17). 

But  the  Newton-diagram  for  (18)  is  obviously  still  Fig.  1, 
provided  OjX,  and  OgY,  be  taken,  instead  of  OX  and  OY,  as 
the  positive  parts  of  the  axes. 

Hence,  if  we  make  a  boundary  convex  towards  O3  in  the 
same  way  as  we  did  for  0,  we  shall  obtain  a  series  of  branches 
of  rj  all  of  which  are  expansible  in  ascending  powers  of  ^',  that 
is,  in  descending  powers  of  ^,  and  all  of  which  give  77  =  0  when 
^  =  00 .     For  each  such  branch  we  have 
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that  is, 

(y-6y  =  c  +  <?/a;*  +  6/a^+.  .  .  (19), 

where  A,  a,  j8,  .  .  .  are  all  positive,  and  c  is  finite  both  ways. 

2nd.  Suppose  that  x  =  a  is  a  pole  of  y,  so  that  ^  =  oo  when 
x  =  a',  and  put  ^  =  y,  f  =  aj  -  a,  so  that  we  derive  an  equation 

^m,  n)^7f  =  0  (20), 

for  which  Fig.  1  is  the  Newton-diagram  with  OX  and  OY  as 
axes.     Then,  putting  -q  =  1/iy',  we  get  an  equation  of  the  form 

2(wi,n)^V^-*»  =  0  (21), 

I  being  the  highest  exponent  of  iy  in  (20). 

The  Newton-diagram  for  (21)  is  then  Fig.  1  with  OiX, 
and  O^Yi  as  axes;  and  we  construct,  as  before,  a  boundary, 
EFG  say,  convex  towards  Oj,  every  part  of  which  gives  a  series 
of  branches  of  ri\  that  is,  of  1/?/,  expansible  in  ascending  powers 
of  ^.     For  every  such  branch  we  shall  have 

,,^=i/(c+rfr+«^+-  •  •). 

where  A,  a,  j3,  .  .  .   are  all  positive,  and  c  is  finite  both  ways. 
Hence  also,  by  the  binqmial  theorem  combined  with  §  1, 

-qt^^V^'rd'^  +  e'f  +.  .  ., 
that  is, 

y{x-af=\lc  +  d\x-af  +  e\x-af  +  ,  .  .       (22), 

where  A,  a,  /?',  .  .  .  are  all  positive,  and  c  is  finite  both  ways. 

3rd.  Suppose  that  y  has  an  infinite  value  corresponding  to 
X  =  00  (pole  at  infinity).  Then,  if  we  put  a;  =  ^  =  1/^', 
y  =  'q==  1/?;',  we  shall  get,  by  exactly  the  same  kind  of  reasoning 
as  before,  a  boundary  GHI  convex  to  0„  each  part  of  which  will 
give  a  group  of  expansions  of  the  form 

'n'  =  i'\c  +  d$"'  +  e^^+.  .  .}. 

Whence,  as  before,  for  every  such  branch 

y/a;^=l/(c-Hrf/a;*  +  e//-H.   .  .), 

=  llc  +  d'lx''  +  e'l'/  +  .  .  .  (23), 

where  X,  a,  )8',  .  .  .  are  all  positive,  and  c  is  finite  both  ways. 
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If  we  combine  the  results  of  the  present  with  those  of  the 
foregoing  paragraphs,  we  arrive  at  the  following  important 
general  theorem  regarding  any  algebraic  function  y : — 

lfy  =  0  when  a;  =  a  (a  +  oo ),  then  L  yl(x  -  of  is  finite  both  ways. 

x=a 

lfy=^0  when  a;  =  oo ,  then  L  y/x"^  is  finite  both  ways. 

X=seo 

Ify  =  Qo  whenz  =  a  (a  4=  oo  ),  then  L  yl(x  -  a)'^  is  finite  hothways. 

x-a 

If  y=  CO  when  «  =  oo ,  then  L  y/x^  is  finite  both  ways. 


\  is  in  all  cases  a  finite  positive  commensurable  number  which  may 
be  called  the  order  of  the  particular  zero  or  infinite  value  of  y. 

This  theorem  leads  us  naturally  to  speak  of  algebraical  zero-  or  infinity- 
valxies  of  functions  in  general,  meaning  such  as  haye  the  property  just  stated. 
Thus  sina;=0  when  a;=0  ;  but  Lsina;/a;=l  when  a;=0  ;  therefore  we  say  that 
sin  2C  has  an  algebraic  zero  of  the  first  order  when  a;=0.  Again,  tan2c=ao 
when  »= ix  ;  but  L  tan  xjipa  -  Jir)-^  is  finite  when  »= Jx  ;  the  infinity  of  tan  x 
is  therefore  algebraical  of  the  first  order.  On  the  other  hand,  ^^soo  when 
x=co  \  but  this  is  not  an  algebraical  infinity,  since  no  finite  value  of  X  can  be' 
found  such  that  L^/2^  is  finite  when  a;=  00 .     (See  chap.  xxv. ,  §  15.) 

§  24.]  Application  of  the  m£thod  of  successive  approxmation  to 
the  mansion  of  functions.  This  method,  when  applied  in  con- 
junction with  Newton's  diagram,  greatly  increases  the  practical 
usefulness  of  the  general  theorems  which  have  just  been  estab- 
lished. The  method  is,  moreover,  of  great  historical  interest^ 
because  it  appears  from  the  scanty  records  left  to  us  that  it  was 
in  this  form  that  the  general  theorems  which  we  have  been  dis- 
cussing originated  in  the  mind  of  Newton. 

Let  us  suppose  that  the  terms  of  an  equation  (which  may  be 
an  infinite  series)k  have  been  plotted  in  Newton's  diagram,  and 
that  an  effective  group  of  terms  has  been  found  lying  on  a  line 
A ;  and  let  ly"*  -  f*  (the  coeflicients  are  taken  to  be  unity  for 
simplicity  of  illustration)  be  a  factor  in  the  group  thus 
selected,  repeated,  say,  a  times,  so  that  the  whole  group  is 
4>i($,rD{rf^-^)*.  Let  A  be  moved  parallel  to  itself,  until  it 
meets  a  term  or  group  of  terms  <^(f,i;);  then  again  until  it 
meets  a  group  <^a(f >  v)  i  ^^^  ^^  ^^- 
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The  complete  equation  may  now  be  arranged  thus — 

or  thus — 

say,  {rT  "  ?*)*  +  t,  +  Tg  +  .  .  .  =  0. 

Now,  by  the  properties  of  the  diagram,  when  iy  =  ^"*, 
i^($iV)f  ^(iyv\  •  •  •  £tro  in  ascending  or  descending  order  as 
regards  degree  in  ^,  and  the  same  is  true  of  Ts,  Ts,  .  .  .  Let 
us  suppose  that  ^  and  rj  are  small,  so  that  rg,  T3,  .  .  .  are  in 
ascending  order. 

As  we  have  seen,  ?/'*  =  ?*,  that  is,  77  =  ^^*'*,  gives  a  first 
approximation.  To  obtain  a  second,  we  may  neglect  Tg,  T4,  . .  . , 
and  substitute  in  r,  the  value  of  17  as  determined  by  the  first 
approximation.  To  get  a  third  approximation,  neglect  T4, .  .  ., 
substitute  in  r,  the  value  of  7;  as  given  by  the  second  approxima- 
tion, and  in  Tg  the  value  of  ly  as  given  by  the  first  approxima- 
tion. 

We  may  proceed  thus  by  successive  steps  to  any  degree  of 
approximation ;  th%  only  points  to  be  attended  to  are  never  to 
neglect  any  terms  of  higher  degree  than  the  highest  retained, 
and  not  to  waste  labour  in  calculating  at  any  stage  the  co- 
efficients of  terms  of  higher  degree  than  those  already  neglected. 

Example  1.  Taking  the  equation  (16),  to  find  a  third  approximation  to 
one  of  the  branches  of  the  group  CD. 

Next  in  order  to  C  and  D  a  parallel  to  CD  meets  successively  6  and  A. 
Hence,  putting,  for  simplicity,  D=+l,  C  =  B=A=:-1,  the  equation  (16) 
may  be  written 

?»,V-«-P';-P+.  .  .=0. 

Whence  r?-^-?h- ^Vv"  +  .  .  .  =  0  (26). 

The  first  approximation  is  i;=f^ ;  hence,  neglecting  ^^r^  in  (25),  we  get 
for  the  second 

Whence  u  =  ^1  +^^^^^=^{1  +  i?^)  (26). 

If  we  use  this  second  approximation  in  1^/17,  and  the  first  approximation 
in  ^^yij^  now  to  be  retained,  (25)  giyes  for  the  third  approximation 
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Whence,  if  all  terms  higher  than  the  last  retained  be  neglected, 
which  gives  . 

=  ^/8(l+^^/8  +  ^p/8)  (27), 

which  is  the  required  third  approximation. 

This  might  of  course  be  obtained  by  successive  applications  of  the  method 
of  transformation  employed  in  the  demonstration  of  §  22,  or  by  the  method 
of  indeterminate  coefficients,  but  the  calculations  would  be  laborious.  It 
will  be  observed  on  comparing  (27)  with  the  theoretical  result  in  §  22  that 
di=di=d2=d4=d9=d7=ds=d9=0  ;  a  fact  which,  in  itself,  shows  the  advan- 
tages of  the  present  method. 

Example  2.  To  find  a  second  approximation  for  the  branches  corresponding 
to  ABC  in  equation  (16),  in  the  special  case  where  A=  +1,  B=  -2,  C=  +1, 
D=-l. 

The  terms  concerned  in  this  approximation  are  (ABC)  and  (D).  "We 
therefore  write 

or  (^-«'-i?VI*=0. 

The  first  approximation  is  17=^' ;  hence  the  second  is  given  by 

that  is,  (i7-^')*-^"=0. 

Whence  17 -f '±^1^2=^0, 

which  gives  the  two  second  approximations  corresponding  to  the  group. 
These  are  two,  because  to  a  first  approximation  the  branches  are  coincident. 
This,  therefore,  is  a  case  where  a  second  approximation  is  necessary  to  dis- 
tinguish the  branches. 

Example  3.  To  find  a  second  approximation,  for  large  values  both  of 
^  and  17,  to  the  branch  corresponding  to  HI  in  equation  (16). 

Referring  to  Fig.  1,  we  see  that,  if  HI  move  parallel  to  itself  towards  O, 
the  next  point  which  it  will  meet  is  0.  Hence,  so  far  as  the  approximation 
in  question  is  concerned,  we  may  replace  (16)  by 

For  simplicity,  let  us  put  H  =  l,  I=G=-1,  and  write  the  above  equation 
in  the  form 

^6_^4_^7/^i  =  0. 

Confining  Ourselves  to  one  of  the  five  first  approximations,  say  17=^^'',  we 
get  for  the  second  approximation 

which  gives  i7=^*''*(l  +  i^-^/"). 

Example  4.  Given 

to  find  y  to  a  fourth  approximation.     We  have 

y=a:-|r^/2!-2/3/3!-3^/4!-.  .  .     . 
VOL.  II  2  B 
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Hence  Ist  approx.  y=x, 

2nd     „       y=x-i3?. 

Srd      „       y  =  ar-«aj-Jar^)»-ia:», 

=  x  —  Aa?  +  iaj*. 
4th      „      y=x-i{x-^+ix^f-k(x-ix^f-^a!^, 

Historical  Note, — As  has  already  been  remarked,  the  fandamental  idea  of  the 
reversion  of  series,  and  of  the  expansion  of  the  roots  of  algebraical  or  other  equa- 
tions in  power-series,  originated  with  Newton.  His  famous  "  Parallelogram  "  is 
first  mentioned  in  the  second  letter  to  Oldenburg ;  but  is  more  fully  explained 
in  the  Oeometria  Analytica  (see  Horsley's  edition  of  Newton's  Works,  t.  L,  p. 
398).  The  method  was  well  understood  by  Newton's  followers,  Stirling  and 
Taylor  ;  but  seems  to  have  been  lost  sight  of  in  England  after  their  time.  It  was 
much  used  (in  a  modified  form  of  De  Gua's)  by  Cramer  in  his  well-known  Analyse 
des  lAgnes  Coiurbes  Algibriqius  (1750).  Lagrange  gave  a  complete  analytical  form 
to  Newton's  method  in  his  "  M^moire  sur  1' Usage  des  Fractions  Continues,"  Nouv. 
M6m.  d,  VAc.  roy,  d.  Sciences  d,  Berlin  (1776).     (See  (Ewores  de  Lagrange,  t,  iv.) 

Notwithstanding  its  great  utility,  the  method  was  everywhere  all  but  forgotten 
in  the  early  part  of  this  century,  as  has  been  pointed  out  by  De  Morgan  in  an 
interesting  account  of  it  given  in  the  Cambridge  Philosophical  Transactions,  vol. 
ix.  (1855). 

The  idea  of  demonstrating,  a  priori,  the  possibility  of  expansions  such  as  the 
reversion-formulse  of  §  18  originated  with  Caucby ;  and  to  him,  in  effect,  are  due 
the  methods  employed  in  §§  18  and  19.  See  his  memoirs  on  the  Intention  of 
Partial  Differential  Equations,  on  the  Calculus  of  Limits,  and  on  the  Nature  and 
Properties  of  the  Roots  of  an  Equation  which  contains  a  Variable  Parameter, 
Exercices  d* Analyse  et  de  Physique  Maih6matique,  t  i  (1840),  p.  327  ;  t.  iL 
(1841),  pp.  41,  109.  The  form  of  the  demonstrations  given  in  §§  18,  19  has 
been  borrowed  partly  from  Thomae,  £L  Theorie  der  Analytischen  Functionen 
einer  Complexen  Verdnderlichen  (Halle,  1880),  p.  107  ;  partly  from  Stolz,  AUge- 
tneine  Arithmetik,  L  Th.  (Leipzig,  1885),  p.  296. 

The  Parallelogram  of  Newton  was  used  for  the  theoretical  purpose  of  establish- 
ing the  expansibility  of  the  branches  of  an  algebraic  function  by  Puiseaux  in 
his  Classical  Memoir  on  the  Algebraic  Functions  {Liouv,  Math.  Jour.,  1850). 
Puiseaux  and  Briot  and  Bouquet  {Th6orie  des  Fonctions  EUiptiques  (1875),  p.  19) 
use  Cauchy's  Theorem  regarding  the  number  of  the  roots  of  an  algebraic  equation 
in  a  given  contour  ;  and  thus  infer  the  continuity  of  the  roots.  The  demonstra- 
tion given  in  §  21  depends  upon  the  proof,  a  priori,  of  the  possibility  of  an 
expansion  in  a  power-series ;  and  in  this  respect  follows  the  original  idea  of 
Newton. 

The  reader  who  desires  to  pursue  the  subject  further  may  consult  Durege, 
Elemente  der  Theorie  der  Functionen  einer  Complexen  Verdnderlichen  Grdsse,  for 
a  good  introduction  to  this  great  branch  of  modem  fanction-theory. 

The  applications  are  very  numerous,  for  example,  to  the  finding  of  curvatures 
and  curves  of  closest  contact,  and  to  curve-tracing  generally.  A  number  of 
beautiful  examples  will  be  found  in  that  much-to-be-recommended  text-book, 
Frost's  Curve  Tracing, 

EXEBCISES    XXIY. 

Revert  the  following  series  and  find,  so  far  as  you  can,  expressions  for  the 
coefficient  of  the  general  term  in  the  Reverse  Series : — 

(1.)  y^H.fg+^;-^W"<"-y("-^W.  .  .     . 
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(2.)  y  =  x-l3?  +  ia^-^2F+.  .  .     . 

(4.)  y= a; +ar^/22  + 2:3/32 +  aj*/42+.   .  .     . 

(5. )  If  y = sin  x/sin  (x  +  a),  expand  x  in  powers  of  y, 

X  and  y  being  determined  as  f auctions  of  each  other  by  the  following 
eqnations,  find  first  and  second  approximations  to  those  branches,  real  or 
imaginary,  for  which  mod  x  or  mod  y,  or  both,  become  either  infinitely  small 
or  infinitely  great : — 

(6.)  y^-2y  =  7*-7?. 

(7.)  a»(y  +  a:)-2aMy+a!)+a^=0,  (F.  69*). 

(8.)  (a;-y)*-(a;-y)a^-ix*-iy*=0,  (F.  82). 

(9.)  a(y2-x^)(y-2x)-y*  =  0,  (F.  88). 

(10.)  axiy-xf-y^^O,  (F.  96). 

(11.)  x{y-xf-a^  =  0,  (F.  115). 

(12.)  arV-2aV»y  +  a*a:-6*  =  0,  (F.  121). 

(13.)  y(y-a;)2(y  +  2aj)  =  9car»,  (F.  131). 

(14.)  {a<y-aj)-a2}V=a^  (F.  140). 

(16.)  a:7-a?<y»  +  aV-a^=0.  (F.  143). 

(16.)  a(jc»  +  3/»)-aVy  +  ary=0,  (F.  143). 

(17.)  aj'y^  +  aaj*»/'+&c*y  +  C5C+rfi/*=0,  where  a,  h,  c,  d  are  all  positive, 

(F.  155). 

(18.)  If  en  be  any  constant  whatever  when  n  is  a  prime  number,  and 
such  that  Cn^epCqCr.  .  .  when  n  is  composite  and  has  for  its  prime  factors 
Pt  q,  r,  .  .  . ,  then  show  that 

If  a,  6,  c,  ...  be  a  given  succession  of  primes  finite  or  infinite  in  number, 
8  any  integer  of  the  form  a^l^c"^ , .  .^  i  any  integer  of  the  forms  a,  ad, 
a5c,  .  .  .  (where  none  of  the  prime  factors  are  powers),  and  if 

F(aj)  =  2«,/]:a-), 
then  /i:x)  =  2(-)«e,F(a^), 

where  u  is  the  number  of  factors  in  t, 

(This  remarkable  theorem  was  given  by  Mobius,  CrelU's  Jour.f  ix.  p.  105. 
For  an  elegant  proof  and  many  interesting  consequences,  see  an  article  by 
J.  W.  L.  Glaisher,  PhiL  Mag,,  ser.  6,  xviii.,  p.  618  (1884).) 

*  F.  69  means  that  a  discussion  of  the  real  branches  of  this  function,  with 
the  corresponding  graph,  will  be  found  in  Frost's  Curve  Tracing^  §  69. 
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CHAPTER   XXXI. 

Summation  and  Transformation  of  Series 
in  General. 

THE  METHOD   OF  FINITE  DIFFERENCES. 

§  1.]  We  have  already  touched  in  various  connections  upon 
the  summation  of  series.  We  propose  in  the  present  chapter  to 
bring  together  a  few  general  propositions  of  an  elementary 
character  which  will  still  further  help  to  guide  the  student  in 
this  somewhat  intricate  branch  of  algebra. 

It  will  be  convenient,  although  for  our  immediate  purposes  it 
is  not  absolutely  necessary,  to  introduce  a  few  of  the  elementary 
conceptions  of  the  Calculus  of  Finite  Differences.  We  shall  thus 
gain  clearness  and  conciseness  without  any  sacrifice  of  simplicity  ; 
and  the  student  will  have  the  additional  advantage  of  an  intro- 
duction to  such  works  as  Boole's  Finite  Differences,  where  he  must 
look  for  any  further  information  that  he  may  require  regarding 
the  present  subject. 

Let,  as  heretofore,  u^  be  the  nth  term  of  any  series ;  in  other 
words,  let  Un  be  any  one-valued  function  of  the  integral  variable 
*^;  «n-i>  ^n-«>  •  •  •>  ^1  ^t®  same  functions  of  n-  1,  w-  2,  .  .  .,  1 
respectively. 

Farther,  let     Ai*„,          Attn.i,  .  .  .,         Av, 

denote           Un+i-Un,    Un-u^^^,  .  .  .,  u^-u^; 

also                   A(Awn),     A(Attn-i),  •  •  .,  A(Awi), 
which  we  may  write,  for  shortness, 
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denote 

Att„+i-Attn,     Aun-^Un,u     .  .  .,     Au^-Au,; 
and  so  on.     Thus  we  have  the  successive  series, 


t^j,  w»,  «*,  .  .  .,  ««n, 

Atti,  Am,,  AWi,  .  .  .,  Attn, 

A\,  A\,  AX,  .  .  .,  AX, 

AX,  AX,  AX,  .  .  .,  AX, 


(1) 
(2) 
(3) 
(4) 


where  each  term  in  any  series  is  obtained  by  subtracting  the  one 
immediately  above  it  from  the  one  immediately  above  and  to  the 
right  of  it 

The  series  (2),  (3),  (4),  ...  are  spoken  of  as  the  series  of 
1st,  2nd,  3rd,  .  .  .  differences  corresponding  to  the  primary 
series  (1). 

Example  1.  If  t^=n^,  the  series  in  question  are 

1,  4,  9,  16,  ...«»,... ; 
8,5,7,    9,  .  .  .  2n  +  l,  .  .  .  ; 

2,  2,  2,    2,  ...  2,  ...  ; 
0,  0,0,    0,  ...  0,  ...  ; 

where,  as  it  happens,  the  second  differences  are  all  equal,  and  the  third  and 
all  higher  differences  all  yanish. 

Cor.  If  we  take  for  the  primary  series 

AX,     AX,     AX,     .  .  .,     A'"ttn,  .  .  ., 
then  the  series  of  1st,  2nd,  3rd,  .  .  .  differences  will  be 

A^+X,  A-+X,  A-+X»  •  •  •»  A-+X,  .  .  . ; 
A-'+X,  A''+X,  A''+X,  .  .  .,  A'^+X,  .  .  . ; 
A^+\,    A'-+X,    A^'+X,    .  .  .,    A'^+X,  .  .  . ; 

In  other  words,  ive  have,  in  general,  A^A'Un  =  A''+X'  This  is 
sometimes  expressed  by  saying  that  the  difference  operator  A 
obeys  the  associative  law  for  multiplication. 

Although  we  shall  only  use  it  for  stating  formulae  in  concise 
and  easily-remembered  forms,  we  may  also  introduce  at  this 
stage  the  operator  E,  which  has  for  its  office  to  increase  by  unity 
the  variable  in  any  function  to  which  it  is  prefixed.     Thus 
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and  so  on. 

In  accordance  with  this  definition  we  have  E(Ewn),  which  we 
contract  into  E*tt„,  =  Eu^+i  =  Un+s  y  ^^^y  in  general,  E*'^«  =  t«n+m« 
We  have  also,  as  with  A,  E^E'w„  =  E''+'w»,  for  each  of  these  is 
obviously  equal  to  Un+r+t- 

Example  2.  E''n*=(7i+r)'. 

Example  3.  The  mth  difference  of  an  integral  function  of  n  of  the  rth 
degree  is  an  integral  function  of  the  (r-m)th.  degree  if  m<r,  a  constant  if 
r=m,  zero  if  m>r. 
Let 

^r(n)=anr+bn'^^  +  cnr-^+  \  .  .  ; 
then 

A0,.{»)=a(n  +  l)'"+5(«+l)'^»+c(»+l)''-H  .  .  . 
-  an*"  -         brV-^  -  cn^^  +  .  .  . , 

=  ra?t»^i+{ir(r-l)a  +  (r-l)6}?i'-'»+ .  .  ., 

say,  where  0,wi(n)  is  an  integral  function  of  n  of  the  (r  -  l)th  degree.  Then, 
in  like  manner,  we  have  A0r-i('t)=0r-s(^)-  But  A0r-i(^)  =  A^r^ ;  hence 
A^4>J^n)=<l>r-2{n).  Similarly,  AVr(w)  =  ^j^bW  ;  aiid,  in  general,  A"»^n) 
=4pr-tn{n).  We  see  also  that  A*'0^(n)  will  reduce  to  a  constant,  namely,  r\a; 
and  that  all  differences  whose  order  exceeds  r  will  be  zero. 

The  product  of  a  series  of  factors  in  arithmetical  progression,  such  as 
a{a  +  b) . .  .  (a +(711  - 1)6),  plays  a  considerable  part  in  the  summation  of  series. 
Such  a  product  was  called  by  Kramp  a  FacuUyy  and  he  introduced  for  it  the 
notation  d^ '  ^,  calling  a  the  base,  m  the  exponent,  and  b  the  difference  of  the 
faculty.  This  notation  we  shall  occasionally  use  in  the  slightly  modified 
form  a  1  "*  I  ^  which  is  clearer,  especially  when  the  exponent  is  compound. 

Since 

a{a  +  b) . .  .(a+{m-l)b)=b^alb){alb  +  l) . . .  (a/6+m-l), 

any  faculty  can  always  be  reduced  to  another  whose  difference  is  unity,  that 
is,  to  another  of  the  form  c'™'^,  which,  omitting  the  1,  we  may  write  c'"*'. 
In  this  notation  the  ordinary  factorial  m !  would  be  written  1 '  "*  L 

The  reader  should  carefully  verify  and  note  the  following  properties  of 
the  differences  of  Faculties  and  Factorials.  In  all,  cases  A  operates  as  usual 
with  respect  to  n. 

Example  4. 

A(a  +  6n)l'»l^=7?i6{a  +  &(n  +  l)}l'»-^l^ 


Example  5. 
Example  6. 


A  {l/(a  +  671)  I « I  *}  =  - m6/(a  +  &7i)  I '»+M  ^ 
\  cI'M^J      a-b      cl»+i|& 
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Example  7. 

A cos(a  +  i370=  - 2 sin  JjSsin  (a  + Ji3+/37i) ; 
A  sin  (a + /Sn)  =  +  2  sin  1/S  cos  (a  +  Jj3 + jSn). 

§  2.]  Fundamentcd  Theorems,  The  following  pair  of  theorems* 
form  the  foundation  of  the  methods  of  differences,  both  direct  and 
inverse : — 

I.    A'Xi  =  ^n+m  -  mC,t^+m- 1  +  mCsttn+m-.  +  •    •    •  +  (  "  T^n- 
IL    tt^+n  =  t*m  +  nCi  Att„»  +  nC, AV  +  .    .    .  +  A%„. 

To  prove  I.  we  observe  that 
A2*n  =  ^+i-    «n; 

A"Mn  =  ^+t-     ^+1 


hence 


and  BO  on. 


-     -Wn+j  +  2l*„+,  -  Wn, 


Here  the  numerical  values  of  the  coefficients  are  obviously 
being  formed  according  to  the  addition  rule  for  the  binomial 
coefficients  (see  chap,  iv.,  §  14);  and  the  signs  obviously  alter- 
nate.    Hence  the  first  theorem  follows  at  once. 

To  prove  H.  we  observe  that  we  have,  by  the  definition  of 
Aw,»,  Wm+i  =  ^TO  +  Aw^rt.  Hence,  since  the  difference  of  a  sum  of 
functions  is  obviously  the  sum  of  their  differences,  we  have,  in 
like  manner,  t*^+,  =  t*^+,  +  AtA„»+i  =  t^^  +  Aw^  +  A(«,^  +  Aw  J  = 
^m  +  Aiim  +  Au,„  +  A'tt^.     We  therefore  have  in  succession 

*  The  second  of  these  was  given  by  Newton,  PrincipUif  lib.  iii,  lemma  v. 
(1687) ;  and  is  sometimes  spoken  of  as  Newton's  Interpolation  Formula.  See 
his  tract,  Methodus  IXfferentialis  (1711);  also  Demoivre,  Miscellanea  ATialyiica, 
p.  152  (1780),  and  Stirling,  Methodus  DifferenUaZis,  &c.,  p.  97  (1780). 
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i^+  3Att^  +  3A'm„^  +  ^\^] 
and  so  on. 

The  second  theorem  is  therefore  established  by  exactly  the 
same  reasoning  as  the  first,  the  only  difference  being  that  the 
signs  of  the  coefficients  are  now  all  positive. 

If  we  use  the  symbol  E,  and  separate  the  symbols  of  oper- 
ation from  the  subjects  on  which  they  operate,  the  above  theorems 
may  be  written  in  the  following  easily-remembered  symbolical 
forms : — 

A"h*^=<E-l)«%     (L);  t^+„  =  (l+A)«w^     (II.) 

§  3.]  The  following  theorem  enables  us  to  reduce  the  sum- 
mation of  any  series  to  an  inverse  problem  in  the  calculus  of 
finite  differences. 

If  Vn  be  any  function  of  n  such  thai  Avn  =  Un,  then 

n 

2  Un  =  Vn+,-Vs  (1). 

n=8 

This  is  at  once  obvious,  if  we  add  the  equations 

Un      =  AVn      =  Vn+,  -  Vn, 

The  difficulty  of  the  summation  of  any  series  thus  consists 
entirely  in  finding  a  solution  (any  solution  will  do)  of  the  finite 
difference  equation  Av„  =  ia^j  or  v^+i  -Vn  =  u^.  This  solution  can 
be  effected  in  finite  terms  in  only  a  limited  number  of  cases, 
some  of  the  more  important  of  which  are  exemplified  below. 

On  the  other  hand,  the  above  theorem  enables  us  to  con- 
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struct  an  infinite  number  of  finitely  summable  series.  All  W6 
^  have  to  do  is  to  take  any  function  of  n  whatever  and  find  its 
first  difference ;  then  this  first  difference  is  the  nth  term  of  a 
summable  series.  It  was  in  this  way  that  many  of  the  ordinary 
summable  series  were  first  obtained  by  Leibnitz,  James  and  John 
Bernoulli,  Demoivre,  and  others. 

n 
Example  1.  S  {a+rib}  {a  +  (n  +  l)b}  . . .  {a+{n+m-l)b}. 

Using  Eramp's  notation,  we  have  here  to  solve  the  equation 

At>n={a+n5}l'*l^  (2). 

Now  we  easily  find,  by  direct  verification,  or  by  putting  m  +  1  for  m  and 
fi  - 1  for  n  in  §  1,  Example  4,  that 

Hence  Vn=  {a+(n-l)5}l'*+^l^/(m+l)6  is  a  value   of  «„   such  as  we 
require. 
Therefore 

g^         *  {m  +  l)b  ^  ' 

Hence  the  well-knoum  rule 

n 

^{a+rib}  {a  +  {ii  +  l)b}  , ,  ,  {a  +  {n+m-l)b} 

=C+  {a+nb}  {a  +  (n+l)b}  .  ..  {a  +  (n  +  m-l)b}  {a  +  [n+m)b}/{m  +  l)b 

(4). 
wJiere  C  is  iTidependerU  o/n,  and  may  befovmd  in  practice  by  making  the  two 
aides  of  (4)  agree  for  a  particular  value  of  n. 

Example  2.  To  sum  any  series  whose  nth  term  is  an  integral  function  of 
w,  say/(7i). 

By  the  method  of  chap,   v.,  §  22  (2nd  ed.),  we  can  express  f[n)  in 
the  forma+67H-cn(»+l)  +  dn(n  +  l)(n  +  2)+ .  .  .     Hence 
n 
If[n)=C  +  an  +  ibn(n  +  l)-\-^cn{n+l){n+2)  +  idn{n  +  l)(n  +  2)(n  +  d)+  ,  .  . 

(5), 
where  the  constant  C  can  be  determined  by  giving  n  any  particular  value 
in  (5). 

Examples.  2;i/{a+6»}l~l^ 

Proceeding  exactly  as  in  Example  1,  and  using  §  1,  Example  5,  we  deduce 
j  1  ^  l/{g  +  Ml^-^l^-l/{g  +  &(7i  +  l)}l«-il^ 

7{a  +  &7i}l'«l^  {m-\)b  ^^^' 

Hence  a  rule  for  this  class  of  series  like  that  given  in  Example  1. 

Example  4.  To  sum  the  series  S/(n)/{a  +  6ji}l^l^,/(n)  being  an  integral 
function  of  n. 
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Decompose /(n),  as  in  Example  2,  into 

a+p(a  +  bn)\^\^+y{a  +  bn)\^\^+8(a  +  bn)\^\^+.  .  .  (7). 

Then  we  have  to  evaluate 

n  n 

oSl/{a+6»}l'»l^+i321/{a  +  6(7i+l)}l'«'-i|«'+.  .  .  (8), 

which  can  at  once  be  done  by  the  rule  of  Example  3.* 


Example  5. 


This  can  be  deduced  at  once  from  §  1,  Example  6,  by  writing  a  +  &  for  & 
and  n-l  for  n. 

Example  6.  To  sum  the  series  whose  terms  are  the  FiguraU  Numbers  of 
the  mth  rank. 

The  figurate  numbers  of  the  1st,  2nd,  Srd,  .  .  .  ranks  are  the  numbers 
in  the  Ist,  2nd,  3rd,  .  .  .  vertical  columns  of  the  table  (II.)  in  chap,  iv., 
§  25.  Hence  the  (7i  +  l)th  figurate  number  of  the  mth  rank  is  «+,n-iCm-i 
=n+m-iCn = m(m  + 1) . . .  (m + 71  - 1  )/n ! .     Hence  we  have  to  sum  the  series 

^  /tmiin^-V) , .  .  (m+n-1) 
I  1.2. . .  n 

Now  if  in  (9),  Example  5,  we  put  a=w,  6=1,  c=l,  we  get 


Hence 


2  ll»l  ll«l  1    ' 


1  .  «,  j^^(^+l)  J             .  wi(m  +  l). .  .  (m+n-1) 
l+m+-j2     +...+ 1.2...,, 

_(m  +  l)(m  +  2)...(m  +  l+7i-l) 

1.2...n  ^^"^' 

that  is  to  say,  the  sum  of  the  first  n  figurate  numbers  of  the  mth  rank  is  the  nth 
figurate  number  of  the  (m+l)ih  rank. 

This  theorem  is,  however,  merely  the  property  of  the  function  mH^,  which 
we  have  already  established  in  chap,  xxiii.,  §  10,  Cor.  4.  The  present 
demonstration  of  (10)  is  of  course  not  restricted  to  the  case  where  m  is  a 
positive  integer. 

Many  other  well-known  results  are  included  in  the  formula  of  Example  5, 
some  of  which  will  be  found  among  the  exercises  below. 

*  The  methods  of  Examples  1  to  4  are  all  to  be  found  in  Stirling's  Methodu^ 
DiffererUialis.  He  applies  them  in  a  very  remarkable  way  to  the  approxi- 
mate evaluation  of  series  which  cannot  be  summed.  (See  Exercises 
XXVII.,  17.) 
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Example  7.  To  sam  the  series 

Sn=cosa  +  cos(a  +  ^)+ .  .  .  +cos(a  +  (n- 1)^)  ; 
Tn=8ina  +  sin(a+J3)+  .  .  .  +sin(a  +  (n-l)/3). 
From§l,  Example  7,  we  have  cos(tt  +  /9w)=A  {sin  (a- J^+j8n)/2  8in4i3}. 
Hence 

Sn=  {sin  (o - 1/3  +  /3»)  -sin  (a - 1/3)} /2  sin  J/S, 
sin  Aj9n        ,       ,^.      ^^- 

Similarly, 

§  4.]  Expression  for  the  sum  of  n  terms  of  a  series  in  terms  of  the 
first  term  and  its  successive  differences. 

Let  the  series  be  t^i  + 1^,  +  .  .  .  + 1^„ ;  and  let  us  add  to  the 
beginning  an  arbitrary  term  u^     Then  if  we  form  the  quantities 

.   .    .,       S„  =  tto  +  W,  +  Wg+   .   .    .    +l*n,    .    .    ., 

we  have 

AS„  =  t*n+.,     A'S„  =  At*„+„     .  .  .,     A»»S„  =  A'~-i|*^+„  .... 

Hence,  putting  n  =  0, 

ASo  =  M„     A»So  =  Aw„     .  .  .,     A'«So  =  A«»-itt„  .  .  .  (1). 

Now,  by  Newton's  formula  (§  2,  11. ), 

Sn  =  So  +  nC,  ASo  +  ,A  A'So  +  .  .  .  +  A«So  (2). 

If,  therefore,  we  replace  So,  ASq,  A'S©,  ...  by  their  values 
according  to  (1),  we  have 

n 

2X  =  Wo  +  n^iiii  +  nCgAw,  +  nCgAV,  +  .   .   .   +A»-V     (3); 

0 

or,  if  we  subtract  w©  fron^  both  sides, 

2i*n  =  nCi«*i+nCaAtt, +„CaA"w,  +    .    .    .    +  A**"^,      (4).* 
1 

The  formula  (4)  is  simply  an  algebraical  identity  which  may 
be  employed  to  transform  any  series  whatsoever ;  for  example, 
in  the  case  of  the  geometric  series  Sx"  it  gives 

*  This  formula,  which,  as  Demoivre  {MiscelL  An,^  p.  153)  pointed  out,  is 
an  immediate  consequence  of  Newton's  rule,  seems  to  have  been  first  explicitly 
stated  by  Montmort,  Joum.  d,  Savaiis  (1711).  It  was  probably  independently 
found  by  James  Bernoulli,  for  it  is  given  in  the  Ars  Conjectandi,  p.  98  (1713). 
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«*  +  iC*  +  .   .   .   +  a^ 

n(n-l)  ,       _.     n(n- l)(7i~2)  ,       ,., 

=7KB+-^2r-a^«-i)  +  -^ — ^ — Xx-iy+  .  .  . 

which  can  be  easily  verified  independently  by  transforming  the 
rightrhand  side.  The  transformation  (4)  will,  however,  lead  to 
the  sum  of  the  series,  in  the  proper  sense  of  the  word  sum^  only 
when  the  mth  differences  of  the  terms  become  zero,  m  being  a 
finite  integer.  The  sum  of  the  series  will  in  that  case  be  given 
by  (4)  as  an  integral  function  of  n  of  the  mth  degree.  Since  the 
nth  term  of  the  series  is  the  first  difference  of  its  finite  sum,  we 
see  conversely  that  any  series  whose  sum  to  n  terms  is  an 
integral  function  of  n  of  the  mth  degree  must  have  for  its  nth 
term  an  integral  function  of  n  of  the  m  -  1th  degree.  We  have 
thus  reproduced  from  a  more  general  point  of  view  the  results  of 
chap.  XX.,  §  10. 

Example.  Sum  the  series 

S(n +  !)(«+ 2)  (71  +  3). 
1 
If  we  tabulate  the  first  few  terms  and  the  successive  differences,  we  get 

_1, 2,  _  3,  _j4, 5 

24,     60,     120,     210,     336, 
86,     60,       90,     126, 
24,     30,       36, 
6,       6. 


Un 
AUn 
AhCn 
Ahln 

Hence,  by  (4), 


0. 


2(n  +  l)(»+2)(n+3) 

= J(n*  +  10n« + 357i«  +  SOw). 

§  5.]  Montrru/rVs  Theorem  regarding  the  summation  of  2unX^. 
An  elegant  formula  for  the  transformation  of   the  power- 
series  2Uf^^  may  be  obtained  as  follows.     Let  us  in  the  first 

place  consider  S  =  ^UnX^,  which  we  suppose  to  be  convergent  when 

1 
mod z<l ;  and  let  us  further  suppose  that  mod x < mod (1  - x). 
Put  X  =  yl(l  +y);  so  that 
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mod  y/{l  +  y)  =  mod  x<l, 
and  mod  y  =  mod  z/(l  -z)<l. 

Then,  since 

(1  +  y)-^  =  1  -  ^C,y  +  m+iC>l/  -  tn+Ay  + 

we  have 

1 

=  ti^y-uy+      Uiy'-      u^  +       u^-. 

+    «*y  -  iCit^y  + . 

This  double  series  evidently  satisfies  Cauchy's  criterion,  for 
both  mod y<\  and  mod y/{l+y)<l'  Hence  we  may  rearrange 
it  according  to  powers  of  y.  If  we  bear  in  mind  §  2,  L,  we  find 
at  once 

S  =  1/^  +  Awy  +  AVy  +  A'i*iy*  +  A*wy  +  .  .  .     . 

Hence,  replacing  y  by  its  value,  namely,  x/(l  -  x\  we  get 


*         _    -WiX         Lu^T?        ^\x* 

1  ~      i~::^''(iTa;)""^(T^»"*" 


(!).♦ 


When  the  differences  of  a  finite  order  m  vanish,  Montmort's 
formula  gives  a  closed  expression  for  the  sum  to  infinity ;  and, 
if  the  differences  diminish  rapidly,  it  gives  in  certain  cases  a 
convenient  formula  for  numerical  approximation. 

Cor.  1.   We  have  foi'  the  finite  mm 
^  X  of 

1  \-x  \\-^) 

+  (AX-a^A*t*n+,)^-Y3^.+  •  • 

For,  if  we  start  with  the  series  Un^fx^'^^  +  t^n+a^;'*"*"^  + 
proceed  as  before,  we  get 


(2). 
.,  and 


(3). 


From  (1)  and  (3)  we  get  (2)  at  once  by  subtraction. 

*  First  given  by  Montmort,  Fhih  Trans.  R.S.L.  (1717).    Demoivre  gave 
in  his  Miscellanea  a  demonstration  very  much  like  the  above. 
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The  formula  (2)  will  furnish  a  sum  in  the  proper  sense  only 
when  the  dififerences  vanish  after  a  certain  order.  The  summa- 
tion of  the  integro- geometric  series,  already  discussed  in  chap. 
XX.,  §§  13  and  14,  may  be  effected  in  this  way.  It  should  be 
observed  that,  inasmuch  as  (2)  is  an  algebraic  identity  between 
a  finite  number  of  terms,  its  truth  does  not  depend  on  the  con- 
vergency  of  ^w^x**,  although  that  supposition  was  made  in  the 
above  demonstration. 

Cor.  2.  If  Uf^  he  a  real  positive  quantity  which  constantly 
diminishes  as  n  increases,  and  if  L?/„  =  0,  then 

Wi-Wg  +  ^a-.  .  .  =-^u,-—,^u,  +  j^A\-.  .  .     (4).* 

This  is  merely  a  particular  case  of  (1) ;  for,  if  in  (1)  we  put 
-  X  for  Zy  we  get 

2(-)»«„af»  =  2(-)»A»-i«..(j^^)"  (5). 

Since  the  differences  must  ultimately  remain  finite,  the  rights 
hand  side  of  (5)  will  be  convergent  when  a;  =  1.  Also,  by  AbeFs 
Theorem  (chap,  xxvi.,  §  20),  since  2(  -  )**!/»  is  convergent,  the 

limit  of  the  left-hand  side  of  (5)  when  x  =  1  is  2(  -  )'*Wn-     Hence 

1 

the  theorem  follows. 

The  transformation  in  formula  (4)  in  general  increases  the 
convergency  of  the  series,  and  it  may  of  course,  in  particular 
cases,  lead  to  a  finite  expression  for  the  sum. 

Cor.  3.   TFe  get,  by  subtraction,  the  following  fonmila  : — 

1^,  -  W.  +  .  .  .  (  -  )'»-ltt„  =  -  (W,  "  (  -  )«Wn+.)  -  2«(^«i  -  (  -  )"^Wn+,) 

+  l(AX-(-)»AX+0-.  .  .     (6), 

in  which  the  restrictions  on  t^  will  be  unnecessary  if  the  right- 
hand  side  be  a  closed  expression,  which  it  will  be  if  the  differences 
of  Wh  vanish  after  a  certain  order. 

•  Euler,  Inst.  Dig,  Calc,,  Pait  II.,  cap.  L  (1787). 
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Example  1.  We  have  (Gregory's  Series) 

If  we  apply  (4),  we  have  Un = l/(2n  - 1 ).     Hence 

A*"ttn=(  -  Y2A  . .  .  2r/(2n- 1)  (2n  +  l) (27i  +  3) .  .  .  (2w  +  2r-  1) ; 
A*'wi  =  (-)''2.4.  . .  2r/1.3.5.  .  .  (2r+l), 
=  (  -  )12M  .  2  .  .  .  r/1.3.5  .  .  .  (2r+ 1). 

Therefoi.  1=1^1  +  ^^  +  ^;^^...  (g). 

Example  2.  To  sum  the  series 

Sn=l^-2*+3«-  .  .  .  (-)— Jn«. 
Since  Au,^^i=2w  +  3,     Awi  =  3, 

A*M„+i  =  0,  A»wi  =  0, 

we  have,  by  (6), 

S.=i{l-(-)*^^+l)'.}-l{3-(-)"(2n  +  8)}+4{2-(-)»2}, 

Exercises  XXV. 

(1.)  Sam  to  n  terms  the  series  whose  nth  term  is  the  nth  r-gonal 
number.* 

Sum  the  following  series  to  n  terms,  and,  where  possible,  also  to 
infinity : — 

(2.)  2n(n+2)(n  +  4).  (3.)  21/(n»-l). 

(4.)  1/3.8  +  1/8.13  +  1/13.18+ .  .  .     . 

(5.)  1/1.8.5  +  1/8.5.7  +  1/5.7.9+  .... 

(6.)  1/1.2.3.4  +  1/2.3.4.5  +  1/3.4.6.6+ .  .  .     . 

(7.)  2(an  +  6)/n(n+l)(n  +  2). 

(8.)  1/1.3.6  +  2/3.5.7  +  3/5.7.9+ .  .  .     . 

(9.)  1/1.2.4  +  1/2.3.5  +  1/3.4.6+ .   .  .     . 
(10.)  1/1.3.7  +  1/3.5.9  +  1/6.7.11+ .  .  .     . 
(11.)  2(n  +  l)»/n(w+2). 

(12.)  4/1.3.6.7+9/2.4.6.8  +  16/3.6.7.9+ .  .  .     . 
.     (13.)  2secn^8ec(n  +  l)<?.  (14.)  2  tan  (^/2")/2*. 

(15.)  2tan-M(w«-w  +  l)«""V(l+«(w-l)«*""0}- 
(16.)  2tan-i{2/n«}. 

(17.)  mI+(m  +  l)!/l!+(m  +  2)!/2!+.  .  .     . 
(18.)  l!/mI+2!/(m+l)!  +  31/(m  +  2)!+.  .  .     . 

*  The  sums  to  n  terms  of  arithmetical  progressions  whose  first  terms  are 
all  unity,  and  whose  common  differences  are  0, 1,  2, .  .  .,  (r  - 1), .  .  .  respect- 
ively, are  called  the  nth  polygonal  numbers  of  the  1st,  2nd,  3rd, . . .,  rth, . . . 
order.  The  numbers  of  the  first,  second,  third,  fourth,  .  .  .  orders  are  spoken 
of  as  linear,  triangular,  square,  pentagonal,  .  .  .  numbers. 
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(19.)  1-^Ci+^C-.  .  .(-)-«C,. 

(20. )  Show  that  the  figurate  numbers  of  a  gi^en  rank  can  be  summed  by 
the  formula  of  §  3,  Example  1. 

m  \  .  ,1.       ^'2       ,  1.2.3 

^     •''     ■*"m"^m(?/i  +  l)'*"wi(m  +  l)(7iH-2)'^'  *  '     ' 

(22.)  -  + ^-^^ +  .... 

(23.)  ^ + a{a  +  l)__^ 

^      M«+l)...(c  +  r)^c(c+l)...(c  +  r+l)^-  *  •     ' 
(24.)  S(a  +  «)l«-21/(^^^)|m|, 

(25.)  _l-3_^     1.3.5  1.8.5.7 

^      ^  1.2.3.4     1.2.3.4.5     1.2.3.4.5.6^' 

rofi  ^  a+^)a+2r)    (l+r)(l+2r)(l  +  8r) 

^      '      1.2.3.4.6    "*"         1.2.8.4.5.6         "*■•••     ' 

2  2*  2^ 

(27.)  jm-j-^m(m-l)  +  pg-^m(m-l)(m-2)-  .... 

(28.)  Show  that 

^/I'l  •  •  •  (»+I)-tt/M  •  •  •  ('^-O+y  M  •  •  •  (~-l)- •  •  • 

(Glaisher.) 
(29.)  Show  that 
l+2(l-a)  +  3(l-a)(l-2a)  +  .  .  . +7Kl-a)(l -2a). . .  (1- (n-l)a) 

=a"i{l-a-«)(l-2a)...(l-na)}. 

(30.)  .1,=^-.-^,^;:^^.  '' 


z+l     x-l     (a;-l)(a;-2)     (x-l)(z-2)(x-3) 

( -  )^H\ 


(x-l)(a:-2)...(x-n) 
(31.)  If  a  +  6  +  2=c+d,  then 


(-"^> 


f(a  +  I)'"'(6  +  l)'"'     (a  +  l)"-^'(6-fl)"-^') 
?.»•   ^ y(g-l).r(r-l) 


na'"'d'*' ah  f  (a  +  I)'"'(6  +  l)""     (g  +  l)"-''(6-f  1)"-^' 

^c>"'rf'"'"(a+l)(6  +  l) 
(32.) 

^  "  (p  =^i4^1)T(p +  r^l) "  (7^  + 1)  Qo  -  ?  +  2) •  (^^^^^ 

(EdiuxUional  Times  Beprint,  vol.  xlL,  p.  98.) 

(33.)  Transform  the  equation 

log2  =  l-J  +  i-H-.  .  . 
by  §  5,  Cor.  2. 

(84.)  Show,  by  means  of  §  2,  I.,  that,  if  77i  be  a  positive  integer,  then 
1       r^j.   p<^(^-l)      p«(^^)>-_2)4. 


=  (-y(-.-^)-0-.-::^i> 
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RECURRING  SERIES. 

§  6.]  We  have  already  seen  that  any  proper  rational  fraction 
such  as  (a  +  &c  +  ca:*)/(l  -^-px  +  q3if  +  raf)*  can  always  be  expanded 
in  an  ascending  series  of  powers  of  z.  In  fact^  if  mod  z  be  less 
than  the  modulus  of  that  root  of  ra^  +  qa?  +pz+l  =  0  which  has 
the  least  modulus,  we  have  (see  chap,  xxvii.,  §§  6  and  7) 

a  +  bz  +  ca?  -  ^  .-x 

j^;^-^^^:^  =  «,  +  «.x  +  «.a='+...+«„x-+...     (1). 

We  propose  now  to  study  for  a  little  the  properties  of  the 
series  (I). 

If  we  multiply  both  sides  of  the  equation  (1)  by 
I  +pz  +  q!/  +  rx\  we  have 

a  +  bz-¥CQf  =  {l+pz  +  qQf  +  r/)(Uo  +  UiZ  +  UgO?  + . . .  +  v^z^  + . . . ) 

(2). 
Hence,  equating  coefficients  of  powers  of  Zy  we  must  have 

u^  =  a  (3,) ; 


u,+pUo  =  b 

(3.) 

W,  +  |W,  +  ^o  =  C 

(3.) 

+|Wg  +  ^, +rao  =  0 

(3.) 

^n+P^n-i  +  ^n-%  +  ?^n-3  =  0  (3n+i). 


Any  power-series  which  has  the  property  indicated  by  the 
equation  (3n+x) is  called  a  Recurring  Power-Series \^  and  the  equation 
(3n+i)  is  spoken  of  as  its  Scale  of  Relation^  or,  briefly,  its  ScdU. 
The  quantities  ^,  g,  r,  which  are  independent  of  n^  may  be 
called  the  Constants  of  the  Scale.  According  as  the  scale  has 
1,  2,  3,  .  .  .,  r,  .  .  .  constants,  the  recurring  series  is  said  to 
be  of  the  1st,  2nd,  3rd,  .  .  .,  rth,  .  .  .  order.  When  «=  1,  so 
that  we  have  simply  the  series  u^  +  u^  +  u^-\-  .  .  .  +  v^  +  •  •  •  > 
with  a  relation  such  as  (3n+i)  connecting  its  terms,  we  speak  of 

*  For  simplicity,  we  confine  our  exposition  to  the  case  where  the  de- 
nominator is  of  the  8rd  degree ;  but  all  our  statements  can  at  once  be 
generalised. 

t  The  theory  of  Recurring  Series  was  originated  and  largely  developed  by 
Demoivre. 

VOL.  n  2  C 
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the  series  as  a  recurring  series  simply ;  *  so  that  every  recurring 
series  may  be  regarded  as  a  particular  case  of  a  recurring  power- 
series. 

It  is  obvious  from  our  definition  that  all  the  coefficients  of  a 
recurring  power-series  of  the  ^th  order  can  be  calculated  when 
the  values  of  the  first  r  are  given.  Hence  a  recurring  series  of 
the  rih  order  depends  vfon  2r  constants/  namely ^  the  r  constants  of 
its  scale,  and  r  others. 

From  this  it  follows  that  if  the  first  2r  terms  of  a  series  be 
given,  it  can  be  continued  as  a  recurring  series  of  the  rth  order 
in  one  way  only ;  as  a  recurring  series  of  the  (r  +  l)th  order  in 
a  two-fold  infinity  of  ways ;  and  so  on. 

On  the  other  hand,  if  the  first  2r  terms  of  the  series  be 
given,  two  conditions  must  be  satisfied  in  order  that  it  may  be  a 
recurring  series  of  the  (r  -  l)th  order ;  four  in  order  that  it  may 
be  a  recurring  series  of  the  (r  -  2)th  order ;  and  so  on. 

Example.  Show  that 

is  a  recurring  series  of  the  2nd  order.  Let  the  scale  be  Un  +|n«n-i+ jiin.s=0. 
Then  we  must  have 

8  +  2p+2=0,     4  +  3p+25'=0,     6  +  4p  +  8g'=0,     6  +  5p  +  4^=0. 

The  first  two  of  these  equations  give  p=  -  2,  j=  + 1 ;  and  these  values  are 
consistent  with  the  remaining  two  equations.    Hence  the  theorem. 

§  7.]  The  rational  fraction  (a  +  bz+  cx')/{l  +px  +  q3?-\-  rof),  of 
which  the  recurring  power-series  w©  +  ^i^  +  ^^*  +  .  .  .  is  the 
development  when  mod  x  is  less  than  a  certain  value,  is  called 
the  Oeneraiing  Function  of  the  series.  We  may  think  of  the 
series  and  its  generating  function  without  regarding  the  fact 
that  the  one  is  the  equivalent  of  the  other  under  certain  restric- 
tions. If  we  take  this  view,  we  must  look  at  the  denominator 
of  the  function  as  furnishing  the  scale,  and   consider  the   co- 

*  We  might  of  course  regard  a  recurring  power-series  as  a  particular  case 
of  a  recurring  series  in  general.  Thus,  if  we  put  Un=i*»»JC",  we  might  regard 
the  series  in  (1)  as  a  recurring  series  whose  scale  is 
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efficients  as  determined  by  the  equations  (3i),  (3,), .  .  .,  (3n+i).* 
No  question  then  arises  regarding  the  convergence  of  the  series. 
Given  the  scale  and  (he  first  r  terms  of  a  recwrring  pcwer-series  of 
the  rih  order ^  we  can  always  fimd  its  generating  function. 

Taking  the  case  r  =  3,  we  see,  in  fact,  from  the  equations  (3^), 
(3.),.  .  .,  (3n+i),  .  .  .  of  §6,  that 

{tto  +  («*i  •^pUo)z  +  (ttg  +^1  +  gUo)3f}/{l  +px  +  qaf  +  raf*} 
is  the  generating  function  of  the  series  u^  +  u^x  +  u^  +  .  .  . , 
whose  scale  is  u^  +p^n-\  +  ^^n-a  +  *%i-3  =  0- 

Cor.  1.  Every  recurring  power-series  may,  if  modx  be  small 
enough,  be  regarded  as  the  expansion  of  a  rational  fraction. 

Cor.  2.  The  general  term  of  any  recurring  series  can  always  be 
found  when  its^cale  is  given  and  a  sufficient  number  of  its  initial  terms. 
For  we  can  find  the  generating  function  of  the  series  itself 
or  of  a  corresponding  power-series;  decompose  the  generating 
function  into  partial  fractions  of  the  form  A(ai-a)~*;  expand 
each  of  these  in  ascending  powers  of  x ;  and  finally  collect  the 
coefficient  of  2^  from  the  several  expansions. 

Example.  Find  the  general  term  of  the  recurring  series  whose  scale  is 
Un  -  4t£n-i  +  5un.s  -  2t£n-s = 0,  and  whose  first  three  terms  are  1  +  0  -  5.    Con- 
sider the  corresponding  power-series.     Here  p=-4,  ^=5,  r=-2;  so  that 
a=i<o=l»     6=Wi+jt?Uo= -4,    c=«a+jM*i+j'tio=0. 
The  generating  function  is  therefore 

l~4a;  l-4a; 

_    2  8  4 


~l-aj^(l-a;)*    (l-2a:)     , 
Expanding,  we  have 

i— 4x:f52=^=2^^+^^+^{^+^"+^^>~*t^'^^^^>^^ 

=  l  +  S(3n+6-2^«)af». 
The  general  term  in  question  is  therefore  3»+6  -  2*+"'. 

§  8.]  If  Un  be  any  function  of  an  integral  variable  n  which 

satisfies  an  equation  of  the  form 

or,  what  comes  to  the  same  thing, 

Un+a  +inin+s  +  gMn+i  +riln  =  0 (1), 

*  We  might  also  regard  the  series  as  deduced  from  the  generating  function 
by  the  process  of  ascending  continued  division  (see  chap,  v.,  §  20). 
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we  see  from  the  reasoning  of  last  paragraph  that  «»  is  uniquely 
determined  by  the  equation  (1),  provided  its  three  initial  values 
u^UiyUg  are  given ;  and  we  have  found  a  process  fon  actuaUy 
determining  Un- 
it IB  not  difficult  to  see  that  we  might  assign  any  three 
values  of  tin  whatever,  say  »«,  tf^,  u^,  and  the  solution  would 
still  be  determinate.  We  should,  in  fact,  by  the  process  §  7, 
determine  u^Ba^  function  of  n  linearly  involving  three  arbitrary 
constants  u^y  »i,  u,,  say  /(««)  ^u  ^o  ^);  And  ^j  *^f  ^  would  be 
uniquely  determined  by  the  three  linear  equations 

/(t^,tti,«f,a)  =  tt.,   f(UoyU,yU^yP)  =  U0,   /(«.,  tt,,  ttj,  y)  =  tty  (2). 

An  equation  such  as  (1)  is  called  a  Linear  Difference-EgucUion 
of  the  3rd  order  with  constant  coefficients ;  and  we  see.  generally  that 
a  linear  difference-equation  of  the  rth  order  with  constard  coeffiderUs 
has  a  unique  solution  when  the  values  of  (he  function  involved  are 
given  for  r  different  values  of  its  integral  argument. 

Erample.  Find  a  function  Un  such  that  UM+s-^Un+t+^^M-i"  2^= Of  ^^^^ 

We  have  simply  to  repeat  the  work  of  the  example  in  §  7. 

§  9.]  To  sum  a  recurring  series  to  n+l  termSy  and  {when  con- 
vergent) to  infinity. 

Taking  the  case  of  a  power-series  of  the  3rd  order,  let 
Sn  =  Uo+UiX  +    u^  + .  .   .  +  %aJ^, 
then 

pxSn  =pu^  -^pUjPl?  +  . . .  +pU'n-i^+    i^n^^'^'^'S 

r2?Sn  =  . . .  +  ru„^  +  run^-^^  +  rM„^,a^+2+ ^"M^a^+s 

Hence    adding,    and    remembering  that  t*n+iw*n-i  + J%-> 

+  run-g  =  0  for  all  values  of  n  which  exceed  2,  we  have 

(1  +px  +  }x*  +  raf)Sn  =  Uo  +  (t*,  +pUo)z  +  (t^  +pui  +  qUo)of 

+  {pUn  +  qun-i  +  rwn.,)a;^+i  +  (qun  +  n^-,)ic'*+2  +  rUnS?'-^^   (1); 

whence  Sn  can  in  general  be  at  once  determined  by  dividing  by 

1  ^px  +  qpf  +  r3f. 

The  only  exceptional  case  is  that  where  for  the  particular 
value  of  a;  in  question,  say  a;  =  a,  it  happens  that 
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In  this  case  the  right  hand  of  (1)  must^  of  course,  also 
vanish,  and  S^  takes  the  indeterminate  form  0/0.  Sn  may  in 
cases  of  this  kind  be  found  by  evaluating  the  indeterminate  form 
by  means  of  the  principles  of  chap.  xxv.  This,  however,  is  often 
much  more  troublesome  than  some  more  special  process  applicable 
to  the  particular  case. 

If  the  series  2t4,»af*  be  convergent^  then  Ltt^'*  =  0  when 
71  =  00  ;  therefore  the  last  three  terms  on  the  right  of  (1)  will 
become  infinitely  small  when  n  =  oo .  We  therefore  have  for 
the  sum  to  infinity  in  any  case  where  the  series  is  convergent 

*  1  +px  +  qQif  +  rQ?  ^  ^* 

The  particular  cases 

Wo  +  t*i  +  «»+.  .  .  +t^+.  .  .  (3), 

U^-'U.  +  U,-.    .    .+(-)«Mn  +  .    .    .  (4), 

are  of  course  deducible  from  (1)  and  (2)  by  putting  a;  =  +  1 
and  aj  =  -  1.  Exceptional  cases  will  arise  if  1  +  jp  +  ^  +  r  =  0,  or 
if  1  -^  +  5  "  r  =  0. 

It  is  needless  to  give  an  example  of  the  above  process,  for 
Examples  1  and  2,  chap,  xx.,  §  14,  are  particular  instances, 
Sri^**  and  1  +  2(  -  )*^~^2noif*  being,  in  fact,  recurring  series  whose 
scales  are  Un  -  3%-!  +  3Mn-9  -  ^n-»  =  0  and  Un  +  2m„.i  +  Un^,  =  0 
respectively. 

EXBBCISBS  XXVI. 

Sum  the  following  recurring  series  to  n  + 1  terms,  and,  where  admissible, 
to  infinity : — 

(1.)  2  +  5  +  13  +  86  +  97+ .  .  .     . 

(2.)  2  +  10  +  12-24  +  2  +  10  +  12+  .... 

8.)  2  +  17a;+96a»  +  461a?+  .... 

(4.)  5  +  12aj+30aj»+78a?  +  2l6«*+ .  .  .     . 

(6.)  l  +  4aj+17aj«  +  76a:»+363aj*+.  .  .     . 

(6.)  l+4»+10a:*  +  22a»  +  46aJ«+ .  .   .     . 

(7. )  If  a  series  has  for  its  rth  term  the  sum  of  r  terms  of  a  recurring  series, 
it  will  itself  be  a  recurring  series  with  one  more  term  in  the  scale  of  relation. 

Find  the  sum  of  the  series  whose  rth  term  is  the  sum  of  r  terms  of  the 
recurring  series  1  +  6  +  40  +  288+ .  .  .     . 
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(8.)  If  Tm,  T»fi,  Tn^  be  conseoutire  terms  of  the  recurring  series  whose 
scale  is  Tn+s=aT»4.i  -  &T«,  then 

(T^i»-aT^T^i  +  6T««)/(T,-H-i»-aTn-,Tn-H-i+&T„-r»)=6-. 
(9.)  Form  and  sum  to  n  terms  the  series  each  term  in  which  is  half  the 
difference  of  the  two  preceding  terms. 

(10.)  Show  that  every  integral  series  (chap,  xx.,  §  4)  is  a  recurring  series  ; 
and  find  its  scale. 

(11.)  If  Un = t^-i + Un-if  and  «s = omi  i  show  that 

Un*  -  Un+lUn-i={  -  )"(a»  -  a  -  l)ui*. 

(12.)  If  the  series  ui,  t^,,  us,  .  .  .,  Un,  .  .  .  be  snch  that  in  every  four 
consecutive  terms  the  sum  of  the  extremes  exceeds  the  sum  of  the  means  by  a 
constant  quantity  e,  find  the  law  of  the  series ;  and  show  that  the  sum  of  2m 
terms  is 

^w(m- l)(4m~  6)c- m(m  -  2)Mi+m«j+TO(m- l)t/s» 

(13.)  If  «<i»f2=^+i+^f  t^i=lf  t^=l>  sum  the  series 

1.2^1.8^-       '^Un+lU^' 
(14.)  By  French  law  an  illegitimate  child  receives  one-third  of  the  portion 
of  the  inheritance  that  he  would  have  received  had  he  been  legitimate.     If 
there  be  I  legitimate  and  n  illegitimate  children,  show  that  the  portion  of 
inheritance  1  due  to  a  legitimate  child  is 

I     3l{l+l)'^ZH{l+lXl-{-2)     •••^    V/(Z  +  l)...(Z+n)' 

(Catalan,  Nouv,  Ann,,  ser.  ii,  t  2.) 

WARINO'S  METHOD  FOR  SUMMING  THE  SERIES  FORMED  BY 
TAKING  EVERY  ^TH  TERM  FROM  ANY  POWER -SERIES 
WHOSE   SUM   IS  KNOWN. 

§  10.]  This  method  depends  on  the  theorem  that  the  sum  of 
the  pth  powers  of  the  kih  roots  of  unity  is  k  if  p  be  a  multiple  of  k^ 
but  otherwise  zero. 

This  is  easily  seen  to  be  true ;  for,  if  cu  be  a  primitive  ^h 

root  of  1,  then  the  k  roots  are  ai*,cu\  w',  .  .  .,  01*"^     li  p-yJc^ 

then  (cu*)^  =  cu*^  =  {(Jy**  =1.     If  I?  be  not  a  multiple  of  it,  then 

we  have 

(a)*)P  +  ((oy  +  .   .    .  +  (cu*-l)P  =  1  +  ((0^)*  +  (wP)'  +  .   .  .  +  (o>P)*-S 

=  {l-(o>P)*}/(l-cuP), 
=  0, 
for  (wi*)*  =  ((tf*)P  =  1,  and  cu^  +  1. 
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Let  us  suppose  now  that  /(a;)  is  the  sum  of  n  terms  of  the 
power-series  w©  +  2t*„a^,  n  being  finite,  or,  it  may  be,  if  the  series 
is  convergent)  infinite. 

Consider  the  expression 

k 

(1). 
where  m  is  0  or  any  positive  integer  <  h. 

The  coefficient  of  x^  in  the  equivalent  series  is 

t«^{(a>*)*-«*+*"  +  (a>^)*-'»+*'  +  (a)")*-*»+''  +  .  .  .  +  (cu*-l)*-*»+'-}/ifc  (2). 

Now,  by  the  above  theorem  regarding  the  ^h  roots  of  unity, 
the  quantity  within  the  crooked  brackets  vanishes  if  £  -  m  +  r 
-  be  not  a  multiple  of  ^  and  has  the  value  £ifA;-m  +  rbea 
multiple  of  h     Therefore  we  have 

U^  =  tWe'*  +  t*m+ta^+*  +  t«m+«fca^+^  +  .  .  .        (3), 
where  the  series  extends  until  the  last  power  of  x  is  just  not 
higher  than  the  nth,  and,  in  particular,  to  infinity  if  f{x)  be  a 
sum  to  infinity.* 

If  we  put  m  =  0,  we  get 

=  tio  +  «*ijiB*  +  t^ajbic^  +  t/ata:^  + .  .  .     (4). 
Example  1. 

l+aj+jB»+.  .  .+a!»=(l-aJ«+i)/(l-a:). 

Hence,  if  w  be  a  primitive  cube  root  of  1,  we  have 

'I     1-2!  1-faW;  l-ltf^        } 

where  d«  is  the  greatest  multiple  of  8  which  does  not  exceed  n. 
Example  2.  To  sum  the  series 

We  have 

«'=i+»+fi+?i+  •  •  •  ""i-- 

*  This  method  seems  to  be  due  to  Waring.     See  PhU,  Trans.  R.S.L. 
(1784). 
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Hence,  if  w  be  a  primitive  4tli  root  of  unity,  say  (a=i,  then,  since  here 
A?=4,  m=8,  ifc-m=l,  «^=-l,  w*=-i,  we  get 

thatis,  J(sinhaj-8inaj)  =  g^+^+jj-,+  .  .  .     . 


MISCELLANEOUS  METHODS. 

§  11.]  When  the  nth  term  of  a  series  is  a  rational  fraction, 
the  finite  summation  may  often  be  effected  by  merely  breaking 
up  this  term  into  its  constituent  partial  fractions;  and  even 
when  summation  cannot  be  effected,  many  useful  transformations 
can  be  thus  obtained.  In  dealing  with  infinite  series  by  this 
method,  close  attention  must  be  paid  to  the  principles  laid  down 
in  chap,  xxvi,  especially  §  13;  otherwise  the  tyro  may  easily 
fall  into  mistakes.  As  an  instance  of  this  method  of  working, 
see  chap.  xxviiL,  §  14,  Examples  1  and  2. 

Example.  Show  that 

l(aj+l)»(a;+2)"^(a:+2)2(a;+3)"^(a;+8)«(a:+4)'*'*  '  *J 

Denote  the  sums  of  n  terms  of  the  two  given  series  by  Sn  and  Tn  respect- 
ively, and  their  nth  terms  by  t^  and  Vn  respectively.     Then 
ttn=-l/(aJ+n)  +  l/(aj+n)2+ !/(«+»+ 1); 
Vn=l/(a:+n)-l/(aj+n+l)2-l/(a;  +  7i+l). 

Whence  we  get  at  once 

Sn  +  Tn=l/(aJ+l)2-l/(aj+n+l)«. 
Therefore  S^  +  T«  =  l/(aj + 1)». 

§  12.]  Elder's  Identity.     The  following  obvious  identity  * 
1  -  a,  +  a,(l  -  a,)  +  a,a,(l  -  Og)  +  .  .  .  +  a^a, . . .  an(l  -  ^n+i) 

=  1  -  a,a, . . .  (in+i     (1) 
is  often  useful  in  the  summation  of  series.     It  contains,  in  fact^ 

*  Used  in  the  slightly  different  form, 
(l+ai)(l+a8)(l+as)(l+a4). . . 

=  l+ai+aa(l+ai)+a8(l+oi)(l  +  as)  +  a4(l+ai)(l+aa)(l+a3)  +  .  .  -, 
by  Euler,  Nov.  Comm.  Petrop.  (1760). 
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as  particular  cases  a  good  many  of  the  results  already  obtained 
abqve. 

K  in  (1)  we  put 

<*!  =  -.    ^«'=:rT~r>    ^ ~ *, j_ «, >    •  •  •»    ^+»~rT^' 
y         y+jpx  y-^Pi  y+Pn 

and  multiply  on  both  sides  by  y/(y  -  x),  we  get 

l+_£_  +  _^^i2lL_+  ,      g(g  +  JPi)...(g  +  JPn-i) 

y+^i     (y+i?i)(y+i^s)      "  "  '     (3/  +  Pi)(3/  +  P»)'"(3/  +  Pn) 
^_y ^      (a?+j?i)(a;  +  jp,)...(a?  +  jpn)     /gx 

If  the  quantities  involved  be  such  that 
n=ao(y+i?,)(y  +  p,)...(y+;'n) 

then 

1+ +  7 \/'^    ,  +  .  .  .  adoo  =-^^       (4). 

If  in  (2)  we  put  y  =  0,  we  get 

^    ^    X   ^X{X  +  p,)  ^  ,  ^{x+Pi)'-'(x+Pn-i) 

Pi  PiPi  '    '    '  PiPa  '"Pn 


=(-|)(-f}-(-i)  <"■ 


From  (5)  a  variety  of  particular  cases  may  be  derived  by 
putting  n  =  00 ,  and  giving  special  values  to  jpi,  jpg,  .  .  .  Thus, 
for  instance,  if  the  infinite  series  21 /p,^  diverge  to  +  oo ,  theij  (see 
chap,  xxvi,  §  24)  we  have 

X  X(X-pi)  ,  -  .^y. 

I +  _^ — £L^  -  ...  ad  00  =  0  (6). 

Pi        PiP» 

In  general,  if  the  continued  product  11(1  +  x/pn)  converge  to  any 

1 

definite  limit,  then  the  series  1  +  '2x(x  +p^) ...  (a;  +Pn-i)/PiPa  -  •  -Pn 
converges  to  the  same  limit. 

Example.  Find  when  the  infinite  series 

q-V,     ^     ,       g(g+P)        ,        ie(x+p){x+2p)  ,y. 

converges,  and  the  limit  to  which  it  converges. 
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If  in  (2)  above  we  patjpi=^,  Pi=^^Pf  ^}  •  •  •}  we  have 

g^_y «_   L   (g+P)(a?+2p)-»«(g+^.P)  (8). 

y-x    y-x^^^(y+p){y'h2p)...(y+np) 

Kow  the  limit  in  question  may  be  written 

l\^^  l  +  y/np  r 
bat  this  diyergea  to  oo  if  {x-y)/p  be  positive,  and  converges  to  0  if  {x~y)lp 
be  negative  (chap,  xxvi.,  §  24). 

Hence,  i(p  denote  in  all  cased  a  positive  quantity,  we  see  that 
a;  x(x+p)  , y_ 

ity>x;  and 
ity<x. 

BZEKOISES  XXYII. 

(1.)  Given  l/(l-x)«=l  +  2a;+8a!"  +  4a»+  .  .  ., 

sum  l  +  4a^+7a^+10a^+ .  .  .     . 

(2.)  Sum  the  series 

l+aj»/4+aJ«/7+.  .  .; 
l+aj»/3!+a;«/61+  .... 
(3.)  U  J{x)=uo+UiX+tiia?+  .  .  .,  and  o,  ft  7,  ...  be  the  nth  roots 
of  - 1,  sliow  that 

-{a«»-V(oas)+/3*»-*»y(/3a:)+.  .  .}=«««"- «m-Hii«*+"+ t*«H-a»«^*"- .  •  • 
w 

where  m<n.  (De  Morgan,  Diff,  CcUc,  p.  319  (1889).) 

Sum  the  following  series,  and  point  out  the  condition  for  conveigency 
when  the  summation  extends  to  infinity  :— 
(4.)  l-a?li+afil7-  .  .  .  adoo; 
aj-aj*/4!+a5'/71-  .  .  .  adoo. 

(6.)  l+mC8  +  mC«  +  mC»+  ...    ad  00  ; 
l-mC8  +  «C«-«C9+  ...   adoo. 

(6.)  1/1.8  +  1/1.2.4  +  1/1.2.8.6+ .  .  .  to  » terms. 

(7.)  l/1.2.8+,„Ci/2.8.4+«CV8.4.5+.  .  .  adoo. 

(8.)  l-2a:/l  +  3»>/2-4a8/3+ .  .  .  adoo. 

(9.)  cos^/1.2.3  +  cos2^/2.8.4  +  cos3^/8.4.6+ .  .  .  adoo. 
(10.)  l/l2.2«+7/23.8«+  .  .  .+(2»»  +  4n+l)/(»+l)«(n+2)». 
(11.)  1/1*.2«- 1/22.3*+  .  .  .  (-)"-il/n«(n+l)2+  .  .  .  adoo. 

(12.)  If  91  be  a  positive  integer,  show  that 

n       1  n{n-l)  1 7i(n-l)(n--2) 

m+n    2(m+n)(m+»-l)    8(m  +  n)(m  +  n-l)(w+n-2)     '  *  * 

^_n 1       n(n-l)         1       n(n-l)(?i-2) 

m+l~2(m  +  l)(m  +  2)    8(m  +  l)(m  +  2)(m+8)    ••'    ' 
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(18.)  Show  that 

.nCl np2 , 1^ — _!L- 

1-x/l    (l-ajA)(l-a'/2)'^(l-a;/l)(l-aj/2)(l-aj/3)     "     "^rin' 
and  hence  show  that 

nOi<ri-nC><r2+.  .  .  (-)"»Cn<r„=l/n, 
where  <rr=  1/1  + 1/2  +  .  .  . +l/r. 

(14.)  Sum  the  seriea 

-  m»    «i«(m«-l«)    m2(m«-l«)(m*-2«) 

"P"*"      ia.2« 14.2'».3« "^^  •  ■  **^"' 

-  m«    mV'+l')  .  m2(m«  +  l»)(w«+8»)  .  , 

i^   — fTs^* —  ivsTP *  • 

(15.)  Show  that 

^^1     .  Pi^       •    ■  J^iPa^ . 

ai+pi    {ai+pi)(a^+piy  {ai+pi)(a^-\-p%)(a9+p3)     '  '  ' 

_L P1P2  »  ■  •  JPn-lgn  _j yi;^  '  •  '  Pn 


(ai +Pi)  («a  +1^) . .  .  (fln  +Pn) "       («!  +i?i)  («a  +1^) ...(«»  +i'»i)' 

(16.)  Show  that 

,      ,1      _l*-(l»-a^)«       8M8«-^?      . 

tan  -«:---^jj__^  +  ^.jy__j--^+  .... 

(Glaisher,  Jfa«^.  Mess.,  1878,  p.  188.) 
(17.)  Show  that 

11.1.  1.2 


n«    ti(n+l)    n(n+l)(n+2)    n(n  +  l)(n  +  2)(w+3)  ' 

and  apply  this  result  to  the  approximate  calculation  of  ir*  by  means  of  the 
formula 

ir»/6=l/l«+l/2»+l/8«+.  .  .     . 

(Stirling,  Methodus  DifferenMalis,  p.  28.) 
(18.)  Show  that  21/(m»-l)  =  l  and  21/(a"-l)=log2,  where  m  and  n 
have  all  possible  positive  integral  values  differing  from  unity,  a  is  any  even 
positive  integer,  and  each  distinct  fraction  is  counted  only  once. 

(Goldbach's  Theorem,  see  Liouv,  Math.  Jour.,  1842.) 

(19.)  If  n  have  any  positive  integral  value  except  unity,  and  r  be  any 
positive  integer  which  is  not  a  perfect  power,  show  that  2(n-l)/(r*-l) 
=ir*/6  ;  and,  if  d{n)  denote  the  number  of  divisors  of  w,  that  2(rf(n)-l)/r" 
=  1 ;  also  that  2(n-  l)/r=21/(r- 1)'.  {lb.) 
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CHAPTER   XXXII. 
Simple  Continued  Fractions. 

NATURE  AND  ORIGIN   OF  CONTINUED  FRACTIONS. 

§  1.]  By  a  continued  fraction  is  meant  a  function  of  the  form 


a, + 


6. 


0.4;.  ■■  (1); 

the  primary  interpretation  of  which  is  that  h^  is  the  ante- 
cedent of  a  quotient  whose  consequent  is  all  that  lies  under  the 
line  immediately  beneath  b^  and  so  on. 

There  may  be  either  a  finite  or  an  infinite  number  of  links  in 
the  chain  of  operations ;  that  is  to  say,  we  may  have  either  a 
terminating  or  non-terminating  continued  fraction. 

In   the   most  general   case   the  component  fractions  — ,    — , 

a^     a^ 

—,...,  as  they  are  sometimes  called,  may  have  either  positive  or 

negative  numerators  and  denominators,  and  succeed  each  other 
without  recurrence  according  to  any  law  whatever.  If  they  do 
recur,  we  have  what  is  called  a  recurring  or  periodic  continued 
fraction. 

For  shortness,  the  following  abbreviative  notation  is  often 
used  instead  of  (1), 

«.+  AAA...  (2). 

the  signs  +  being  written  below  the  lines  to  prevent  confusion 
with 
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h       h       K  « 

a,  +  -  +  -+-  +  ..  .     * 

tta      Og      a^, 

Examples  have  already  been  given  (see  chap,  iii.,  Exercises 
III.,  15)  of  the  reduction  of  terminating  continued  fractions; 
and  from  these  examples  it  is  obvious  that  every  terminating 
continued  fraction  whose  constituents  a^  a^,  .  ,  .,  b^y  b^,  .  ,  .  are 
commensurable  numbers  reduces  to  a  commensurable  number. 

§  2.]  In  the  present  chapter  we  shall  confine  ourselves 
mainly  to  the  most  interesting  and  the  most  important  kind 
of  continued  fraction,  that,  namely,  in  which  each  of  the  numer- 
ators of  the  component  fractions  is  + 1,  and  each  of  the 
denominators  a  positive  integer.  When  distinction  is  necessary, 
this  kind  of  continued  fraction,  namely, 

111  /i\ 

a,  + .  .  .  (1), 

may  be  called  a  simple  continued  fraction.  Unless  it  is  otherwise 
stated,  we  suppose  the  continued  fraction  to  terminate. 

In  this  case,  for  a  reason  that  will  be  understood  by  and  by, 
the  numbers  aj,  a.,  o^,  ...  are  called  the  first,  second,  third,  .  .  . 
partial  quotiev^ts  of  the  continued  fraction. 

§  3.]  Every  number^  commensurable  or  incommensurable,  may  be 
expressed  imiquely  as  a  simple  continved  fraction,  which  may  or  may 
not  terminate. 

For,  let  X  be  the  number  in  question,  and  a^  the  greatest 
integer  which  does  not  exceed  X ;  then  we  may  write 

X  =  a.  +  1  (1), 

where  Xi>  1,  but  is  not  necessarily  integral,  or  even  commensur- 
able. 

Again,  let  a,  be  the  greatest  integer  in  Xj,  so  that  a^^^l ; 
then  we  have 


X.  =  a,  +  ^  (2), 


where  X,>  1,  as  before. 


The  notation  Oi+-^  +  -  +  -+.  .  .  is  frequently  used  by  Continental 


writers. 
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Again,  let  a^  be  the  greatest  integer  in  X, ;  then 

X.  =  a.  +  ^^  (3); 

and  80  on. 

This  process  will  terminate  if  one  of  the  quantities  X,  say 
Xn-i,  is  an  integer ;  for  we  should  then  have 

Xn-i  =  an  (w). 

Now,  using  (2),  we  get  from  (1) 

1 


X  =  a,+  ^ 

Thence,  using  (3),  we  get 


^^x: 


X  =  ai  + 


and  so  on. 

Finally,  then. 


1 


X  =  ai  + ...  —  (a). 


It  may  happen  that  none  of  the  quantities  X  comes  out 
integral  In  this  case,  the  quotients  aij  a^j  .  .  .  either  recur,  or 
go  on  continually  without  recurrence ;  and  we  then  obtain  in 
place  of  (a)  a  non-terminating  continued  fraction,  which  may  be 
periodic  or  not  according  to  circumstances. 

To  prove  that  the  development  is  unique,  we  have  to  show 
that,  if 

11  ,11 

then  a^  =  a/,  a,  =  a,',  a,  =  a,',  &c. 

Now,  since  a»  and  a,'  are  positive  integers,  and ...  and 

are  both  positive,  it  follows  that .  .  .  and  — ; — 


0,'  + 

1 


.  are  both  proper  fractions.     Hence,  by  chap,  iii.,  §  12, 
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(y). 

(8). 


we  must  have 

and 

1 

1 

1 

1 

Again, 

from 
a,+ 

t(8), 

1 

0,+ 

we  have 

1 

.  =<  + 

1      1 

From  (c),  by  the  same  reasoning  as  before,  we  have 

a.  =  <  (0, 

,111                   111  .. 

and  .  .  .=  -, ; J—  .  .  .  (n). 

Proceeding  in  this  way,  we  can  show  that  each  partial 
quotient  in  the  one  continued  fraction  is  equal  to  the  partial 
quotient  of  the  same  order  in  the  other.* 

This  demonstration  is  clearly  applicable  even  when  the 
continued  fraction  does  not  terminate,  provided  we  are  sure  that 
the  fractions  in  (fi),  (6),  (17),  &c.  have  always  a  definite  meaning. 
This  point  will  be  settled  when  we  come  to  discuss  the  question 
of  the  convergency  of  an  infinite  continued  fraction. 

Cor.  If  a^,  fl«,  .  •  .,  ^ttj  *i>  ^s>  .  .  .,  Jn  ^  all  positive  integers^ 
On+i  <J''nd  yn+i  ^^y  positive  quantities  rational  or  irrational  each  of 
which  is  greater  than  unity y  and  if 

1  11.1  11 

ttj  + .    .    . =  Oi  +  , .    .    .    r , 

then  must 

a,  =  ft,,a,  =  6„  .  .  .,  an  =  hn,  and  also  Xn+i  =  yn+i' 

§  4.]  As  an  example  of  the  general  proposition  of  §  3,  we 
may  show  that  every  commensurable  number  may  he  converted  into  a 
terminating  continued  fraction. 

Let  the  number  in  question  be  A/B,  where  A  and  B  are 
integers  prime  to  each  other.  Let  a^  be  the  quotient  and  G  the 
remainder  when  A  is  divided  by  B ;  a,  the  quotient  and  D  the 

*  We  suppose,  as  is  clearly  allowable,  that,  if  the  fraction  terminateSi  the 
last  quotient  is  >  1.  It  should  also  be  noticed  that  the  first  partial  quotient 
may  be  zero,  but  that  none  of  the  others  can  be  zero,  as  the  process  is 
arranged  above. 
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remainder  when  B  is  divided  by  G ;  a,  the  quotient  and  E  the 
remainder  when  G  is  divided  by  D ;  and  $o  on,  just  as  in  the 
arithmetical  process  for  finding  the  G.G.M.  of  A  and  R  Since 
A  and  B  are  prime  to  each  other,  the  last  divisor  will  be  1,  the 
last  quotient  a^,  say,  and  the  last  remainder  0.  We  then  have 
A_        C_  1 

B_        D_  1. 

G_        E_  1 

&c. 


Hence 


A  11  1 

-  =  a,  + .  .  .  —  . 

B  a.+  aa+  On 

It  should  be  noticed  that,  if  A<B,  the  first  quotient  a^  will  be  zero. 

Example  1. 

To  convert  167/81  into  a  continued  fraction. 

Going  through  the  process  of  finding  the  G.C.M.  of  167  and  81,  we  have 
81)167(2 
162 
6)81(16 

1)5(5 


Hence 


Example  2. 
Consider  '23=23/100. 
We  have 


Hence 


5 
0 

151=24- A  1. 
81      ^16+5 


100)23(0 
_0 

23)100(4 
92 

8)28(2 
16 

7)8(1 
I 

1)7(7 
7 
0 
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Cor.  If  we  remove  the  restriction  that  the  last  jmrtiai  quotimt  shall 
he  greater  than  unity,  toe  may  develop  any  commensurable  number  as 
a  continued  fraction  which  has,  at  our  pleasure,  an  even  or  an  odd 
number  of  partial  quotients. 

For  example,  2  +  t^ —  r  has  an  odd  namber  of  partial  qaotienta ;  but  we 

may  write  it  2  +  r-^—  - —  -,  which  has  an  even  number. 
10+  4+  1 

§  5.]  Any  single  surd,  and,  in  fact,  any  simple  surd  number,  such 
05  A  +  Bpi/**  +  Cp2/»  +  .  .  .  +  K^'^-iy**,  can  be  converted  into  a  con- 
tinued  fraction,  although  not,  of  course,  into  a  terminating  continued 
fraction. 

The  process  consists  in  finding  the  greatest  integer  in  a  series 
of  surd  numbers,  and  in  rationalising  the  denominator  of  the 
reciprocal  of  the  residue.  Methods  for  effecting  both  these 
steps  are  known  (see  chap,  x.),  but  both,  in  any  but  the 
simplest  cases,  are  very  laborious.  It  will  be  sufficient  to  give 
two  simple  examples,  in  each  of  which  the  result  happens  to 
be  a  periodic  continued  fraction. 

Example  1. 

To  convert  Vl3  into  a  continued  fraction. 

We  have,  S  being  the  greatest  integer  <  n/13, 

Vi8=S  +  (ViS-S)=8  +  j^L_. 

Again,  since  the  greatest  integer  in  (Vl8  +  3)/4  is  1,  we  have 
Vl8  +  8^^     VH-l^j  1 


Similarly,  we  have 


V  ^       4  *^4/(Vl3-l) 

1 

(Vl3  +  l)/3 


=  ^  +  .    ^J  ..,.  (2)- 


Vl3  +  1_       Vl3-2_  ] 

"—It         o         — 1+" 


3       -"^       8  '■*'8/(Vi3-2)' 

VOL.  u  2d 
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3  ^■*'       3  3/(Vl3-l)* 

Vil+i.  .  .-n/Is-s,,  , 1  _ 

—*         ^  +  ~r~"^'^4/(Vi3-8)' 

after  which  the  process  repeats  itself. 

From  the  equations  (!).■•  (6)  we  derive 

^^^-^  +  1+1+1+1+6+1+  •  •  " 

•  « 

where  the  *  *  indicate  the  beginning  and  end  of  the  cycle  of  partial  quotients. 
Example  2. 

To  convert  — 5 —  ^^^  *  continued  fraction. 
We  have 

n/s-i^q',       1 

2  "'*'2/(V8-l)* 

1 


V8  +  1 
n/3  +  1=2  +  \/8-1  =  2  + 


=  2  + 


1/(V3-1)' 

1 


(V3  +  l)/2' 


2         ^2/(V3-l)' 

V3  +  1 
after  which  the  quotients  recur.     We  have,  therefore, 

2      ^2+1  + 

It  will  be  proved  in  chap.  xxxiiL  that  every  positive  number  of  the  form 
(n/P  +  Q)/R,  where  P  is  a  positive  integer  which  is  not  a  perfect  square,  and 
Q  and  R  are  positive  or  negative  integers,  can  be  converted  into  a  periodic 
continued  fraction  ;  and  that  every  periodic  continued  fraction  represents  an 
irrational  number  of  this  form. 
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EXEBOISES  XXVIII. 

Express  the  following  as  simple  continaed  fractions,  terminating  or  peri- 
odic as  the  case  may  be : — 

(!•)  73-  <^-^  ll93-  ^^'^  86932-  ^^'^  ^^m' 

(6.)  2-718281.        (60*0079.        (7.)  V2.        (8.)  V6.  (9.)  V(n). 

(10.)  V(10).  (11.)  V(12).  (12.)  Vt  (18.)  V8  +  1. 

(14.)  1±8V5. 
2 

«         * 

(16.)  A  line  A6  is  divided  in  C,  so  that  AB.AC=6C>.     Express  the 
ratios  AC/AB,  BC/AB  as  simple  continued  fractions. 

(17.)  Express  \J(a^+a)  and  \J{c^-a)  as  simple  continued  fractions,  a 
being  a  positive  integer. 

(18.)  If  a  be  a  positive  integer,  show  that 

•       « 
(19.)  If  a  be  a  positive  integer  >1,  show  that 

W(»a'+12)=f +^-^8^  •  •  •     • 

«  • 

(20.)  Show  that 

(21.)  Show  that  eveiy  rational  algebraical  fiinction  of  st  can  be  expanded, 
and  that  in  one  way  only,  as  a  terminating  continued  fraction  of  the  form 

where  Qi,  Q»  .  .  •»  Qn  &re  rational  integral  functions  of  a;. 
Exemplify  with  (aj»+a^  +  aj+l)/(a:*+3a:»+2x» +«+!). 

(22.)  If  «=iTiT---' 


and  y=5 — ^^ — 

^    1  +  1  + 

•     • 

show  that  x-y=a-b. 
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PROPERTIES  OF  THE  CONVERGENTS  TO  A  CONTINUED  FRACnON. 

§  6.]  Let  US  denote  the  complete  continued  fraction  by  2^,  so 

that 

111  1  ... 

«,  =  «,+ •  •  -  (1); 

0^+  a^+  a^+  a, 

and  let 

111  /o\ 

2^  =  08+ •  •  -  (2); 

a^  +  ttg 

and  so  on. 

Then  x^,  x^,  .  .  .  are  called  the  complete  guotieiUs  corresponding  to 
0,,  Oa,  .  .  .,  or,  simply,  the  second,  third,  .  .  .  complete  quotients. 
The  fraction  itself,  or  a^,  may  be  called  the  first  complete  quo- 
tient It  will  be  observed  that  Oi,  Og,  a„  .  .  .  are  the  integral 
parts  of  x^,  Oj,  iCa,  .  .  .     , 

Let  us  consider,  on  the  other  hand,  the  fractions  which  we 
obtain  by  first  retaining  only  the  first  partial  quotient^  second  by 
retaining  only  the  first  and  second,  and  so  on ;  and  let  us  denote 
the  fractions  thus  obtained,  when  reduced  (without  simplifica- 
tion, as  under)  so  that  their  numerators  and  denominators  are 
integral  numbers,  by j?j/j,,  pt/qa,  ,  .  .     Then  we  have 


=  -  =-  (a), 

J^  ^O^O^  ^p,  ^^^ 

(h  (h  ?• 

^  Jl_   i  =  fli^A  +  <li  +  ga  ^  2?  (y) 


a.  +  -l--L...  1-         &c.         =^  (8), 

*     a,+  aa+  an  qn 

and  so  on, 
where 

JPi  =  Oi,  ?i  =  1  («')» 

^,  =  a,a,+  l,  qa  =  a,  (^), 

p^  =  a,a/i^-{-a,  +  a^,  qs  =  a^s+l  {y'\ 

and  so  on. 
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The  fractions  Pi/quPa/qa,  ...  are  called  the  first,  second,  .  .  . 
convergents  to  the  continued  fraction. 

Cor.  If  the  continued  fraction  terminates,  the  last  convergent  is, 
by  its  definition,  the  continued  fractio7i  itself 

§  7,]  It  will  be  seen,  from  the  expressions  for  jp,,  jp,,  p^  and 
?»  q»,  ft  in  §  6  (a'),  (^'),  (Y),  that  we  have 

Ps  =  a^p,+p,  (1); 

?a  =  Osft  +  qi  (2). 

This  suggests  the  following  general  fornmlce  for  calculating  the 
numerator  and  denominator  of  any  convergent  when  the  numerators 
and  denominators  of  the  ttoo  preceding  convergents  are  known,  namely, 

Pn  =  (inPn-i+Pn-2  (3); 

Let  us  suppose  that  this  formula  is  true  for  the  nth  con- 
vergent. We  observe,  from  the  definitions  (a),  (fi),  .  .  .,  (8)  of 
§  6,  that  the  n  +  1th  convergent^  Pn+ilqn+i9  is  derived  from  the 
nth  if  we  replace  On  hj  an+  l/^n+i.  Hence,  since  ^n-i>  ?n-i> 
Pn-af  qn-a  do  not  contain  an,  and  since,  by  hypothesis, 

Pn^^Pn-i+Pn-a 
qn      OnS'n-i+ffn-.  ' 

it  follows  that 

Pn+i  ^  (fl^  +  '^/(^n+i)Pn-}  +Pn-i 
qn+i      («n  +  l/»n+i)2n-i  +  S'n-a' 

or,  after  reduction, 

Pn+i  ^  fl^n+i(gnyn-i  +  Pn-a)  +  Pn-i 
qn+i      0^+i{(^nqnri  +  2n-«)  +  ?n-i  ' 
^^n±iPn±Pn^ 
(^n+iqn+qn-i 

by  (3)  and  (4). 
Hence  it  is  sufficient  if  we  take 

Pn+i  =  <^n+iPn-^Pn'i', 

In  Other  words,  if  the  rule  hold  for  the  nth  convergent,  it  holds 
for  the  n+  1th.  Now,  by  (1)  and  (2),  it  holds  for  the  third ; 
hence,  by  what  has  just  been  proved,  it  holds  for  the  fourth ; 
hence  for  the  fifth ;  and  so  on.  That  is  to  say,  the  rule  is 
general. 
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Cor.  1.  Since  a„  is  a  positive  integral  number,  it  follows  from 
(3)  and  (4)  that  the  numerators  of  the  successive  convergerUs  form  an 
increasing  series  of  integral  numbers,  and  that  the  same  is  true  of  the 
denominators. 

Cor.  2.  From  (3)  and  (4)  iifoUaws  thai 

_^=^^_J L_  ...  1 

1  1 

•  *  •  a. 


and 


1 


(5); 
(6). 


For,  dividing  (3)  by  ^n-i>  and  writing  successively  n  -  1,  n  -  2, 
.  .  .,  3  in  place  of  ti,  we  have 

,  1 

1    1 

=  a-  +         —  . 
«,+  di 

Prom  these  equations,  by  successive  substitution,  we  derive  (5) ; 

and  (6)  may  be  proved  in  like  manner. 

Example  1. 

The  continued  fraction  which  represents  the  ratio  of  the  circumference  of 

a  circle  to  the  diameter  ia  8+/^  ^^-  ji-  29^+ IT  iT  '  "  " 

quired  to  calculate  the  successive  convergents. 

1  3    22 

The  first  two  convergents  are  8  and  8  + = ,  that  is,  y ,  y  • 

Hence,  using  the  fbrmulee  (8)  and  (4),  we  have  the  following  table  :— 


It  is  re- 


n 

a 

P 

9 

1 

8 

8 

1 

2 

7 

22 

7 

3 

15 

383 

106 

4 

1 

355 

113 

5 

292 

108998 

33102 

6 

1 

104348 

33215 

7 

1 

208341 

66317 

.  where  p4=Z65,  for  example,  is  obtained  by  multiplying  the  number  over  it, 
namely  333,  by  1,  and  adding  to  the  product  the  number  one  place  higher 
still,  namely  22. 
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The  saccessiYe  conyergents  are  therefore 

8      22      388      356     103998 

1'     7  *    106'     113*    83102  '  *  *  '    ' 

Example  2. 

If  W?i,  W^s.  ...  be  the  conveigents  to  ^  +  2+zTT+  '  '  '  nT 
ad  00 ,  show  that 

Pn={n-l)pn-i  +  (n-l)pn-i+{n'2)pn^+  .  .  . +3ps+2pi  +  2. 
By  the  recurrence-formula  we  have 

Pn^i = (n  -  11Pi.-s  +P»-8  ; 

Pn-2 = (»  -  2)Pm-8  +  Pii-4  ; 


l»8=8pa+^ ; 
and  (since  |7i=l,  p%=Z) 

Pi=2pi-^1. 

Adding  all  these  equations,  and  observing  that  Pn-2tPn-»f  .  .  •»  J^  each 
occur  three  times,  once  on  the  left  multiplied  by  1,  once  on  the  right  multi- 
plied by  1,  and  again  on  the  right  multiplied  by  n- 1,  ti-  2,  .  .  .,  3  respect- 
ively, we  have 

Pn=(n-l)pn-i  +  {n-l)pn-i+{n-2)p^+,  ,  .+3ps+2pi  +  (j?i  +  l), 
which  gives  the  required  result  since  J7i=l. 

Example  3. 

In  the  case  of  the  continued  fraction  oi  +  — ; ; ; -.  .  .  prove 

aa+ai+aj+ai+  *^ 

that/>fc,=?j»+i,  p^-i=aiq^ai. 

By  the  definition  of  a  conveigent,  we  have 

(«), 


1 
ai 

since  every  odd  partial  quotient  is  ai. 
Again,  by  Cor.  2  above, 

p^             aa  + 

1 

Hence                                           ^"=^'* 

Qfrn^l       Pin 

which  gives 

Also,  since                       Ptn^OiPim-i+PM- 

it 

q^^i = ai^m + 9^-1 » 

03). 


(7). 


(7)  leads  to 

Now,  if  we  write  ?i  - 1  forn  in  (7),  we  have  i?2n-2=fi'9»-i ;  hence  (8)  gives 
Therefore 
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§  8.]  From  equations  (3)  and  (4)  of  last  section  we  can  prove 
the  following  importa/at  property  of  any  two  consecutive  conver gents : — 

PnCLn-i-Pn^i^n  =  {-^Y  (1). 

For,  by  §  7  (3)  and  (4), 

Hence,  if  (1)  hold,  we  have 

In  other  words,  if  the  property  be  true  for  any  integer  n^  it 
holds  for  the  next  integer  n  +  1.     Now 

Ml  -M«  =  (^1^  +  1)1  -  a,aa, 
=  1, 

=  (-1)'; 

that  is  to  say,  the  property  in  question  holds  for  n  =  2,  hence  it 
holds  for  71  =  3 ;  hence  for  n  =  4 ;  and  so  on. 

Oor.  1.  The  convergents,  as  calculated  by  the  rule  of  §  7,  are 
fractions  aJt  their  lowest  terms. 

For,  if  pn  and  qn,  for  example,  had  any  common  factor,  that 
factor  would,  by  §  8  (1),  divide  ( - 1)**  exactly.  Hence  pn  is 
prime  to  qn ',  and  Pn/qn  is  at  its  lowest  terms. 

Cor.  2. 

Pn     j>n-i^(-l)~  /gy 

Qn      Qn-i      qnQn-i 

Cor.  3. 

qn   qi    \?.   qJ    ViZa   qJ  \qn   qn-J 

=  a.,J__J_,...,(^-  (3). 

Cor.  4. 

Pnqn-^  -Pn-^qn  =  (  -  )'*"^an  (4). 

For 

Pnqn-t  -Pn-tqn  =  {<^n-i  +Pn-ii)qn-9  -Pn-ti^^nqn-i  +  ^n-i), 

=  (-)'»-ian,  byCor.  1. 
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Cor.  5. 

Pn/qn  -Pn^^lqn-2  =  (  -  Y'^O^n^nqn^^  (5). 

Cor.  6.  The  odd  canvergerUs  continually  increase  in  value,  the  even 
canver gents  continually  decrease  ;  every  even  convergent  is  greaier  than 
every  odd  convergent ;  and  every  odd  convergent  is  less  than  and  every 
even  convergent  greater  than  any  following  convergent. 

These  conclusions  follow  at  once  from  the  equations  (2) 
and  (5). 

Cor.  7.  Oiven  ttoo  integers  p  and  q  which  are  prime  to  each  oiher^ 
we  can  always  find  two  positive  integers  p*  and  gf  such  thai  p([  -p'q 
=  +  1  or  =  -  1,  05  we  please. 

For,  by  §  4,  Cor.,  we  can  always  convert  pjg  into  a  con- 
tinued fraction  having  an  even  or  an  odd  number  of  partial 
quotients,  as  we  please.  If  p'j^  be  the  penultimate  convergent 
to  this  continued  fraction,  we  have  in  the  former  case  p([  -p'q 
=  +  1,  in  the  h,ti&r p^  -p'q=  -  1. 

Example.  If  Pn/qn  he  the  nth  conyergent  to  ai+  —- .  .  .  — ,  and 

11 
#Pn/#Qiithe  conyergent  to  at+^ — ~  •  •  •  ~  which  correBponds  to  the  partial 

quotient  On,  ehow  that 
We  haye,  by  our  data, 


hence 
Now 


Pn^  J^  __1 1 


qn-r     (h^-rqn-T-l  +  ?n-r-a 

Hence,  by  (a)  and  (7), 

Pn  _  (g>-r  +  tt-H-lQw/n  -r+lPn)Pn-r-l  -^Pn-r-t 

qn      (a»-r  +  n-rflQn/i»-f+lPi»)yn-f^l  +  ^n-r-a  * 

__Pn-r  +  n-H-lQnPn-r-lln-H-l^n 

qn-r  +  n-r+lQtiS'n-r-l/n-r+lPn 

_i»-r+lPnyw-r  +  n-r^l^nPn-r-l 

u-rflPn^n-r + N-rflQn  ^n-r-l 

Now  it  is  easy  to  see  that  the  numerator  and  denominator  of  the  fraction 
last  written  are  mutually  prime  ;  therefore 

Pn^n-rYl^nPn-r  +  n-r+lQuj'n-r-l » 


(«). 


qn  =  n-r+lPnfl'ii-V  +  n-r+-lQii?i 


:r}        ('^ 
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From  (c)  we  deriye 

=(-l)(-l)«-%^iQ„ 
by  (1)  aboye, 

.      =(-i)--H-i^-H-iQ«; 

as  was  to  be  shown. 

§•  9.]  The  convergenis  of  odd  order  are  ea>ch  less  than  the  whole 
continued  fraction,  and  the  convergenis  of  even  order  are  each  greater; 
and  each  convergent  is  nearer  in  value  to  the  whole  continued  fraction 
than  the  preceding. 

We  have,  by  §  7, 

and  the  whole  continued  fraction  x^  is  derived  from  Pn+if^n+i  hy 
replacing  the  partial  quotient  o^+i  hy  the  complete  quotient 
Xn+i-    Hence 

^  _^^n±iPn±Pn-i 

From  this  value  of  x^  we  obtain 

^      Pn_^n+iPn+Pn-i     Pn 


Similarly 


^  Pn-iQn-Pn^n-i 


(1). 


X  -^!»--»  =  ^n+i(Pnqn-i-Pn-iqn)  /gx 


From  (1)  and  (2)  we  deduce 


^      Pn-i  qn^^+i 


(3). 


qn-i 

Now  qn-i,  qn  are  positive  integers;  Xn+i^tl;  and,  by 
§  7,  Cor.  1,  qn-i<qnr  It  follows,  therefore,  from  (3)  that 
Xi  -pn/qn  ^  opposite  in  sign  to,  and  numerically  less  than, 
^i  -Pn-i/qn-i-  In  other  words,  Pn/qn  differs  from  a;,  by  less  than 
Pn-i/qn-i  does;    and  if  the  one  be  less  than  a^,  the  other  is 
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greater,  and  vice  versd.  Now  the  first  convergent  is  obviously 
less  than  x^,  hence  the  second  is  greater,  the  third  less,  and  so 
on  j  and  the  difference  between  x^  and  the  successive  convergents 
continually  decreases. 

Cor.  1.  The  difference  between  the  coniimud  fraction  and  the  nth 
convergent  is  less  than  l/qn^n+u  (^f^  greater  than  On+a/qn^n+B^ 

For,  by  what  has  just  been  proved, 

Pn       Pn±9        „        Pn±i 

are,  in  order  of  magnitude,  either  ascending  or  descending. 
Hence 

Pn      ^  ^Pn     Pn+i 


qn  qn      qn+i 

1 


Again, 


Qnqn+: 


,  by  §  8  (2). 


Pn      ^  ^Pn     Pn+a 
qn  qn      qn+9 


>^+l.,by§8(5). 

qnqn+9 

Since  qn+i>qn,  and  since  g»+8/^n+«  =  («n+«$?n+i  +  S^nV^n+g 
=  ?n+i  + W^+»<?n+i  +  gn  K+i  being  <1),  it  follows  that  the 
upper  and  lower  limits  of  the  error  committed  by  taking  the  nth 
convergent  instead  of  the  whole  continued  fraction  may  be 
taken  to  be  l/qn  and  l/qn{qn  +  fi'n+i)-  These,  of  course,  are  not 
so  close  as  those  given  above,  but  they  are  simpler,  and  in  many 
cases  they  will  be  found  sufficient. 

Cor.  2.  In  order  to  obtain  a  good  approximation  to  a  continued 
fraction,  it  is  advisable  to  take  thai  convergent  whose  corresponding 
partial  quotient  immediately  precedes  a  very  much  larger  partial 
quotient. 

For,  if  the  next  quotient  be  large,  there  is  a  sudden  increase 
in  jn+i>  so  that  l/^n^n+i  is  a  very  small  fraction. 

The  same  thing  appears  from  the  consideration  that,  in 
taking  Pn/qn  instead  of  the  whole  fraction,  we  take  0%  instead  of 
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On  + '  '  '9  that  is,  we  neglect  the  part ...  of  the 

On+i  +  ^+1  + 

complete  quotient.  Now,  if  a^+i  be  very  large,  this  neglected 
part  will  of  course  be  very  small. 

Cor.  3i  The  odd  convergents  form  an  increasing  series  of  rational 
fractions  continually  approaching  to  the  value  of  (he  whole  continued 
fraction  ;  and  the  even  con/vergents  form  a  decreasing  series  having  the 
same  property.* 

Cor.  4.  Ifpn/qn  -  «i  <  l/?n(?n  +  ^n-i),  "tohere  qn-i  is  the  denomi- 
natoT  of  the  penultimate  convergent  to  Pnjqn  «^^  converted  into  a 
simple  continued  fraction  having  an  even  number  of  quotients,  then 
Pnlin  is  one  of  the  convergents  to  the  simple  continued  fraction  which 
represents  x^;  and  the  like  holds  if  x^ -pn/qn<  I /qn{qn  +  qn- 1)9 
where  qn-iis  the  denominator  of  the  penultimate  convergent  topn/q^ 
when  converted  into  a  simple  continued  fraction  having  an  odd  number 
of  quotients. 

Let  a^,  a„  .  .  .,  o^  be  the  n  partial  quotients  oipn/qn  when 
converted  into  a  simple  continued  fraction  having  an  even  num- 
ber of  quotients,  and  let  Pn-i/qn-i  be  the  penultimate  convergent. 

Then|?„gn-i-i>n-i?»=  1- 

Let  Xn+i  be  determined  by  the  equation 

1  1       1 

Xi  =  ai  +  —  .  .  . 

a,  +  an+  iCn+i 

Then  we  have 
whence 

a^n+i  =  (Mn-i  -I>n-i)/{Pn  "  «^i?n)i 

*  The  value  of  every  simple  continued  fraction  lies,  of  course,  between 
0  and  00  ;  and  we  may,  in  fact,  regard  these  as  the  first  and  second  converg- 
ents respectively  to  every  continued  fraction.    If  we  write  0=f,  and  00  =i, 

and  denote  these  by  -^  and  — ,  so  that  we  understand  17-1  to  be  0,  A)  to  be 

1,  ^-1  to  be  1,  and  go  to  be  0,  thenj9_i  undpo  will  be  found  to  fall  into  the 
seiieB Pit  P2,  ps,  &c.,  and  q^i  and  qo  into  the  series  ^i,  qt,  73,  &c.  It  will  be 
found,  for  example,  that  j?i=ai/)o+i'-i»  qi=aiqo'\-q-i,  Poq^i-P-iqo={-'^)^ 
=  1,  and  so  on. 
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or,  if  we  put  ^  =Pnlqn  -  «i, 

=  (l7!?n-^n-if)/?n€. 

Hence  the  necessary  and  sufficient  condition  that  x^+i  >  1  is  that 

that  is, 

which   is   fulfilled   by  the   condition  in  the  first  of   our  two 
theorems. 

Let  now  b^yb^,  .  .  ,y  bn  be  the  first  n  partial  quotients  in  the 
simple  continued  fraction  that  represents  x^.     Then  we  have 

bt+  bn+  y»+i 

where  yn+i  >  1- 
Hence 

1  _i L  =  j+JL        i L 

'      a,  +     '   *    '   On  +  iC»+i        '      h+     '   '   '   bn+  yn+i ' 

Therefoije,  by  §  3,  Cor.,  we  must  have 

1  1  .     JP      ,  ■ 

Hence  a,  + .  .  .  +  — ,  that  is,  ~  is  the  nth  convergent  to 

a.+  (hi  qn  ® 


The  second  theorem  is  proved  in  precisely  the  same  way. 
Since  ^n-i  <  q^  ^t^  conditions  above  are  a  forHori  fulfilled  if 

§  10.]  The  propositions  and  corollaries  of  last  section  show 
that  the  method  of  continued  fractions  possesses  the  two  most 
important  advantages  that  any  system  of  numerical  calculation 
can  have,  namely,  Ist^  it  furnishes  a  regular  series  of  rational 
approximations  to  the  quantity  to  be  evaluated,  which  increase 
step  by  step  in  complexity,  but  also  in  exactness ;  2nd,  the  error 
committed  by  arresting  the  approximation  at  any  step  can  at 
once  be  estimated.  The  student  should  compare  it  in  these 
respects  with  the  decimal  system  of  notation. 
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§  11.]  It  should  be  observed  that  the  formation  of  the  suc- 
cessive convergents  virtually  determines  the  meaning  we  attach 
to  the  chain  of  operations  in  a  continued  fraction. 

If  the  continued  fraction  terminate,  we  might  of  course  pro- 
ceed to  reduce  it  by  beginning  at  the  lower  end  and  taking  in 
the  partial  quotients  one  by  one  in  the  reverse  order.  The 
reader  may,  as  an  exercise,  work  out  this  treatment  of  finite  con- 
tinued fractions,  and  he  will  find  that,  from  the  arithmetical 
point  of  view,  it  presents  few  or  none  of  the  advantages  of  the 
ordinary  plan  developed  above. 

In  the  case  of  non-terminating  continued  fractions,  no  such 
alternative  course  is,  strictly  speaking,  open  to  us.  Indeed,  the 
further  difficulty  arises  that^  a  priori,  we  have  no  certainty  that 
such  a  continued  fraction  has  any  definite  meaning  at  all.  The 
point  of  view  to  be  taken  is  the  following : — If  we  arrest  the 
continued  fraction  at  any  partial  quotient,  say  the  ^h,  then,  in 
the  case  of  a  simple  continued  fraction,  however  great  $  may  be, 
we  have  seen  that  the  two  convergents,  pgn-i/?«n-i,  I'sn/jtn*  ui- 
clude  the  fraction  pgjqg  between  them.  Hence,  if  we  can  show 
that  Pm-i/^m-i  ^^^  Pm/^m  ^ach  approach  the  same  finite  value 
when  n  is  increased  without  limit,  it  will  follow  that  as  s  is 
increased  without  limit,  that  is,  as  more  and  more  of  the  partial 
quotients  of  the  continued  fraction  are  taken  into  account,  pg/q, 
approaches  a  certain  definite  value,  which  we  may  call  the  value 
of  the  whole  continued  fraction.  Now,  by  §  8,  Cor.  5,  Pm -i/^m-i 
continually  increases  with  n,  and  Pm/qm  continually  decreases, 
hud ptn/Qan>Pm-\liwn'i-  Hence,  since  both  are  positive,  each  of 
the  two  must  approach  a  certain  finite  limit.  Also  the  two 
limits  must  be  the  same ;  for  by  §  8,  Cor.  2,  p^Jq^,  -i>«»-i/?«n-i 
=  l/^an^an-ij  ^^^  ^7  the  recurrence  formula  for  qn  it  follows  that 
q^  and  qgn-i  increase  without  limit  with  »;  therefore  Pan/^m 
-Pm-i/^an-i  ^^7  ^0  made  as  small  as  we  please  by  sufficiently 
increasing  n. 

It  appears,  therefore,  that  every  simple  continued  fraction  has  a 

definite  finite  value. 

Example. 

To  obtain  a  good  commensurable  approximation  to  the  ratio  of  the  circum- 
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ference  of  a  circle  to  the  diameter.     Referring  to  Example  1,  §  7,  we  have  the 
following  approximations  in  defect : — 

8      833      103998    .     . 

1 '     106 '     83102  '      ' ' 

and  the  following  in  excess  : — 

22      855       104348 
7  '     113 '     83216 

Two  of  these,*  namely,  22/7  and  855/118,  are  distinguished  beyond  the  others 
by  preceding  large  partial  quotients,  namely,  15  and  292. 

The  last  of  these  is  exceedingly  accurate,  for  in  this  case  l/^n^n+i 
=  1/113  X  38102 = -0000002673,  and  a«Wyng«+s = lA^S  x  33215  =  '0000002665. 
The  error  therefore  lies  between  '000000266  and  '000000267  ;  that  is  to  say, 
355/113  is  accurate  to  the  6th  decimal  place.     In  point  of  fact,  we  have 

ir  =  3  •14159265358  .  .  . 
855/113  =  3  14159292035  .  .  . 
Difference  =    '00000026677  .... 


EXSROISES  XXIX. 

769 
(1.)  Calculate  the  various  convergents  to  yt?!*  ^^^  estimate  the  errors 

committed  by  taking  the  first,  second,  third,  kc,  instead  of  the  fraction. 

(2.)  Find  a  convergent  to  the  infinite  continued  fraction  —  ^—  ^~  '  '  • 

1  +  2  +  3  + 
which  shall  represent  its  value  within  a  millionth. 

(3.)  Find  a  commensurable  approximation  to  V(^7)  which  shall  be 
accurate  within  1/100000,  and  such  that  no  nearer  fraction  can  be  found  not 
having  a  greater  denominator. 

(4.)  The  sidereal  period  of  Venus  is  224*7  days,  that  of  the  earth  865 '25 
days  ;  calculate  the  various  cycles  in  which  transits  of  Venus  may  be  expected 
to  occur.  Calculate  the  number  of  degrees  in  each  case  by  which  Venus  is 
displaced  from  the  node,  when  the  earth  is  there,  at  the  end  of  the  first  cycle 
after  a  former  central  transit. 

(5.)  Work  out  the  same  problem  for  Mercury,  whose  sidereal  period  is 
87'97  days. 

(6.)  According  to  the  Northampton  table  of  mortality,  out  of  8635  persons 
who  reach  the  age  of  40,  3559  reach  the  age  of  41.  Show  that  this  is  ex- 
pressed very  accurately  by  saying  that  47  out  of  48  survive. 

*  The  first  of  them,  22/7,  was  given  by  Archimedes  (212  B.a)  The 
second,  855/118,  was  given  by  Adrian  Metius  (published  by  his  son,  1640 
A.D.) ;  it  is  in  great  favour,  not  only  on  account  of  its  accuracy,  but  because 
it  can  be  easily  remembered  as  consisting  of  the  first  three  odd  numbers  each 
repeated  twice  in  a  certain  succession. 
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(7.)  Find  a  good  rational  approximation  to  V(^^)  which  shall  differ  from 
it  by  less  than  1/100000  ;  and  compare  this  with  the  rational  approximation 
obtained  by  expressing  V(^^)  '^  ^  decimal  fraction  correct  to  the  6th  place. 

(8.)  If  a  be  any  incommensurable  quantity  whateyer,  show  that  two 
integers,  m  and  n,  can  always  be  found,  so  that  0  <  an  -  m  <  k,  howeyer  small 
jcmay  be. 

(9.)  Show  that  the  numerators  and  also  the  denominators  of  any  two  con- 
secutiye  conyergents  to  a  simple  continued  fraction  are  prime  to  each  other ; 
also  that  if  ^n  and  pn-9  haye  any  common  factor  it  must  diyide  a«  exactly. 

(10. )  Show  that  the  difference  between  any  two  consecutiye  odd  conyergents 
to  \/(^^  +  ^)  ^  <^  fraction  whose  numerator,  when  at  its  lowest  terms,  is  2a. 

(11.)  Prove  directly,  from  the  recursiye  relation  connecting  the  numerators 
and  denominators,  that  every  conyergent  to  a  simple  continued  fraction  is 
intermediate  in  yalue  to  the  two  preceding. 

(12.)  Prove  that 

qnXi  -Pn={-  l)'^V«a«j . . .  aj„+i. 

Show  that  Ptjqn  differs  from  Xi  by  less  than  l/osOg. .  .  0^+1  ^n.    Is  this  a 
better  estimate  of  the  error  than  l/qnqm+i  ? 

(18. )  If  the  integers  x  and  y  be  prime  to  each  other,  show  that  an  integer 
u  can  always  be  foxmd  such  that 

(a:»+y*)tt=aa+l, 
where  s  is  an  integer. 

(14.)  Prove  that 

{Pn  -  qn^  CPn-l'  "  «n-l')  =  {PnPn--l  +  }«g«-l)'  "  1  ; 
Pn-^qn       _      (j?nj?fi-l+gngi»-l)'  +  l      ^ 
Pn-2^  +  3'*-«'      (Pn-lPn-i  +  qn-iqn-if  +  l' 

(16. )  Prove  that  Pn-iPn  -  qn^iqn^i^  is  positive  or  negative  according  as  n  is 

eyen  or  odd.  

(16.)  If  P/Q,  P'/Q',  P*/Q"  be  the  nth,  n-  1th,  n  -  2th  conyergents  of 
1       1       1       1 
«!+  «*a+  ««+  «4  + 
1        1 1_ 

08+    a8+    04  + 

_1 1_ 

a8+  04  + 
respectively,  show  that 

P=08F  +  r,     Q=(aia,  +  l)P'  +  aiP*. 

(17.)  If  the  partial  quotients  ofxi=pnlqn  form  a  reciprocal  series  (that  is, 
a  series  in  which  the  first  and  last  terms  are  equal,  the  second  and  second  last 
equal,  and  so  on),  then  Pn-i=qnf  and  (j'w'il)/?*  is  an  integer;  and,  con- 
yersely,  if  these  conditions  be  satisfied,  the  quotients  will  form  a  reciprocal 
series. 

(18.)  Show,  from  last  exercise,  that  every  integer  which  divides  the  sum 
of  two  integral  squares  that  are  prime  to  each  other  is  itself  the  sum  of  two 
squares.    (See  Serret,  Alg,  Sup.,  i^  6d.,  t  i.,  p.  29.) 
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(19.)  Show  that 

ai+ — -  ...  —        «!•  + .  .  .  — 


ai  H .  .  .  €tn  T •  •  •  — 

(20.)  If  aJi=-V-V  ^  •  •  .,  show  that ^=^^-1. 
a+  a+  a+ 

(21.)  The  successiye  convergents  of  2a+ —  j—  —  j|— ■ ...  are  always 

double  those  of  a+g^  ^^  .... 

(22.)  If  the  reduced  form  of  the  nth  complete  quotiexit,asi,,inai+—-  — . . . 
he  ^tjrint  show  that 

(28.)  Find  the  numerically  least  value  of  ax-hy  for  positive  integral 
values  of  x  and  y,  a  and  &  being  positive  integers,  which  may  or  may  not  be 
prime  to  each  other. 

CLOSEST  COMMENSURABLE  APPROXIMATIONS  OF  GIVEN 
COMPLEXITY. 

§  12.]  One  commensurable  approximation  to  a  number 
(commensurable  or  inconmiensurable)  is  said  to  be  more  complex 
than  another  when  the  denominator  of  the  representative  frac- 
tion is  greater  in  the  one  case  than  in  the  other.  The  problem 
which  we  put  before  ourselves  here  is  to  find  the  fraction,  whose 
denominator  does  not  exceed  a  given  integer  D,  which  shall  most  closely 
approximate  (by  excess  or  by  defect,  as  may  be  assigned)  to  a  given 
number  commensurable  or  incommensurable.  The  solution  of  this 
problem  is  one  of  the  most  important  uses  of  continued  fractions. 
It  depends  on  a  principle  of  great  interest  in  the  theory  of  num- 
bers, which  we  proceed  to  prove. 

Lemma. — Ifp/q  and  p'/^  be  two  fractions  such  that  pq'  -p'q  =  1, 
then  no  fraction  can  lie  between  them  unless  Us  denommoUar  is  grecUer 
than  the  denominator  of  either  of  them. 

Proof — Let  a/b  be  a  fraction  intermediate  in  magnitude  to 
p/q  and  p'/q'.     Then 


q     bq     q'^ 


(1); 


f>     q'     q     q' 
VOL.  U  2  E 


(2). 
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From(l),  ±:^jijlll, 

qb  qq 

ph-qa      1 

Hence  qb  >  qq'ipb  -  qa) ; 

and  b>{pb-  qa)q^. 

Now  p/q  -  a/6  is  positive,  hence  pb  -qais  b,  positive  integer. 
It  follows,  therefore,  that  b>q'. 

Similarly  it  follows  from  (2)  that  b>q. 

Hence  no  fraction  can  lie  between  p/q  and  p'/^  unless  its 
denominator  is  greater  than  both  q  and  q\  In  other  words,  if 
pq'  -p'q  =  1,  no  commensurable  number  can  lie  between  p/q  and 
p*/q'  which  is  not  more  complex  than  either  of  them. 

§  13.]  The  nth  convergent  to  a  continiied  fraction,  is  a  nea/rer 

approximation  to  the  value  of  the  complete  fraction  than  any  fraction 

whose  denominator  is  not  greater  than  that  of  the  convergent.     For  any 

fraction  a/b  which  is  nearer  in  value  to  the  continued  fraction 

than  Pn/qn  must,  a  fortiori,  be  nearer  than  Pn-i/qn-i*     Hence, 

since  Pn/qn  and  Pn-i/qn-i  include  the  value  of  the  continued 

fraction  between  them,  it  follows  that  a/b  must  lie  between  these 

two  fractions.     Now  we  have,  by  §  8,  either  jpn^,j_i  -jE>n-i9'n=  1> 

OT pn^iqn-Pn^n-i  =  L     Heucc,  by  §  12,  b  must  be  greater  than 

qn,  which  proves  our  proposition. 

Example. 

Consider  the  continued  fraction  Xi=S  +  =—-  j^r  tt  tt-  ■^' 

1  +  t>+  4+  2+  o 

rru  .  8     4     15     64     148     779       ri?  «    4.  i. 

The  successive  convergents  are  =-,  =-,  —,  =^,  -^^,    -^.      If  we  take 

1     1      4      17      oo      2\j7 

any  one  of  these,  say  64/17,  the  statement  is,  that  no  fraction  whose  denom- 
inator does  not  exceed  17  can  be  nearer  in  value  to  x^  than  64/17. 

§  14.]  The  result  of  last  section  is  a  step  towards  the  solution 
of  the  general  problem  of  §  12 ;  but  something  more  is  required. 

Consider,  for  example,  the  successive  convergents  Pn-a/qn-ti 
Pn-ilQn-if  Pn/^n  ^  ^n  and  let  n  be  odd,  say.     Then 

jPn>«       Pn       ^        Pn-i 
?n-«        qn  qn-i 

are   in   increasing   order   of  magnitude.      We   know,  by  last 
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section,  that  no  fraction  whose  denominator  is  less  than  ^^-i  cai^ 
lie  in  the  interval i^n-a/s^n-a*  i'n-i/jn-n  ^^^  also  that  no  fraction 
whose  denominator  is  less  than  q^  can  lie  in  the  interval 
Pn/qni  Pn^i/qn-i}  l>ut  WO  have  no  assurance  that  a  fraction 
whose  denominator  is  less  than  qn  may  not  lie  in  the  interval 
Pn-^qn-9,  Pn/qny  for Pnqn-2 'Pn-^qn^ <»n,  where  ««  may  be >  1. 

This  lacuna  is  filled  by  the  following  proposition : — 

l^  The  series  of  fractions 

Pn-j       Pn-i+Pn-r       Pn-t+^Pn-i 

i'n-t  +  ^n- li'n-i       Pn- 


i'       ?n-.  +  ^?n-i   \      qJ 


form  {according  as  n  is  odd  or  even)  an  increasing  or  a  decreasing 
series, 

2*.  Each  of  them  is  at  its  lowest  terms;  and  each  consecutive 
pair,  say  P/Q,  P'/Q',  satisfies  the  candUum  PQ'  -  P'Q  =  ±  1 ;  so  that 
no  commensurable  qwmtity  less  complex  than  the  mare  complex  of  the 
ttoo  can  be  inserted  between  them. 

The  first  and  last  of  these  fractions  (formerly  called  Conr 
vergents  merely)  we  now  call,  for  the  sake  of  distinction,  Principal 
Convergents ;  the  others  are  called  Intermediate  Convergents  to  the 
continued  fraction.  To  prove  the  above  properties,  let  us  con- 
sider any  two  consecutive  fractions  of  the  series  (1),  say  P/Q, 
P'/i 


;  then 

P 

F 

_Pn^9-^rpn. 

qn^B  +  rqn. 
(where  r 

-    qn- 

=  0,  01 

.,  +  r+lqn-i 
•  1,  or  2,  .  . 

Pn-.?n-i) 

(?n-.  +  »•}„. 

t1 

,  +  r +!}„.,)' 

or  On  -  1), 


(?n..  +  rqn-i)  (?n-«  +  r  +  1  |/n-i)' 

=  — -  if  n  be  even. 
QQ 
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Hence 


PQ'-FQ=  -1  if  n  be  odd,  \ 
=  +1  if  n  be  even,  j 


(3), 


(2)  and  (3)  are  sufficient  to  establish  V  and  2**. 

3".  Since  P/Q  -pn-i/qn-i  =  ^  l/qn-Mn-,  +  rqn.,\  and  since  x^ 
obviously  lies  between  P/Q  and  Pn-il^n-u  it  follows  that  the 
intermediate  convergent  P/Q  differs  from  the  continued  fraction  by  less 
than  l/^n-iQ,  a  fortiori  by  less  than  l/g»-,*. 

§  15.]  If  we  take  aU  the  principal  convergents  of  odd  order  vnih 
their  intermediates  wherever  the  partial  quotients  differ  from  unity, 
and  form  the  series 

?i  ?8  qn-it  qn 

and  likewise  all  the  principal  convergents  of  even  order  with  their 
iutermediateSj  and  form  the  series 

].  P»  P*  Pnzi  Pnzl  m\ 

^  It  5[4  5fn-8  5fn-i 

then  (A)  is  a  series  of  commensurable  qiuintUies,  increasing  in  com- 
plexity and  increasing  in  magnitude^  which  continually  approach  the 
continued  fraction ;  and  (B)  is  a  series  of  commensurable  qiuiTiiitieSy 
increasing  in  complexity  and  decreasing  in  magnitude,  which  con- 
tinually approach  the  same;  and  it  is  impossible  between  any  con- 
secutive pair  of  either  series  to  insert  a  commensurable  quantity  which 
shcdl  be  less  complex  than  the  more  complex  of  the  two. 

If  the  continued  fraction  be  non-terminating,  each  of  the  two 
series  (A)  and  (6)  is  non-terminating. 

If  the  continued  fraction  terminates,  one  of  the  series  will 
terminate,  since  the  last  member  of  one  of  them  will  be  the  last 
convergent  to  x^ ;  that  is  to  say,  x^  itself.  The  other  series  may, 
however,  be  prolonged  as  far  as  we  please ;  for,  if  Pn^i/qn-i  «wd 
Pn/qn  i^  ^^  ^^^  ^^0  convergents,  the  series  effractions 

Pn-i      Pn-i+Pn      Pn-i  +  ^Pn 
2'n-i!      qn-i  +  qn       fi'n-i  +  ^n 

forms  either  a  continually  increasing  or  a  continually  decreasing  series, 
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in  which  no  principal  convergent  occwrs,  but  whose  terms  approach 
more  a/nd  more  nearly  the  value  Pn/^m  ^^^  ^  ^i** 

§  16.]  We  are  now  in  a  position  to  solve  the  general  problem 
of  §  12.t  Suppose,  for  example,  that  we  are  required  to  find  the 
fraction,  whose  denominator  does  not  exceed  D,  which  shall 
approximate  most  closely  by  defect  to  the  quantity  o^.  What  we 
have  to  do  is  to  convert  x^  into  a  simple  continued  fradionj  form  {he 
series  (A)  of  last  section^  and  select  that  fraction  from  it  whose 
denominator  is  either  D,  or,  failing  that,  less  than  but  nearest  to  D, 
say  P/Q.  For,  if  there  were  any  fraction  nearer  to  x^  than  E/Q, 
it  would  lie  to  the  right  of  P/Q  in  the  series ;  that  is  to  say, 
would  fall  between  P/Q  and  the  next  fraction  P'/Q'  of  the  series, 
or  between  two  fractions  still  more  complex.  Hence  the  denom- 
inator of  the  supposed  fraction  would  be  greater  than  Q',  and 
hence  greater  than  D. 

Similarly,  the  fraction  which  most  nearly  approximates  to  x^hy 
excess,  and  whose  derunninator  does  not  exceed  D,  is  obtained  by  taking 
that  fraction  in  series  (B)  of  last  section  whose  denominator  most  nearly 
equals  witlumt  exceeding  D. 

N.B, — If  the  denominator  in  the  (A)  series  which   most 

*  This  may  also  be  seen  from  the  fact  that  the  continued  fraction 

ai+ .   .  .  —  may  also  be  written  ai+      -.  .   . ;  that  is  to  say 

we    may  consider  the  last  quotient  to  be  oo,  and    the   last  convergent 

{Pn-\  +  ^Pn)l{qn-l  +  «  fl^«). 

t  The  first  general  solution  of  this  problem  was  given  by  Wallia  (see 
his  Algebra  (1685),  chap,  x.) ;  Huyghens  also  was  led  to  discuss  it  when 
designing  the  toothed  wheels  of  his  Planetarium  (see  his  Deseriptio  Automaii 
Planetariif  1682).  One  of  the  earlier  appearances  of  continued  fractions  in 
mathematics  was  the  value  of  4/t  given  by  Lord  Brouncker  (about  1655). 
While  discussing  Brouncker's  Fraction  in  his  ArUhrmtiea  Infinitorum  (1656), 
Wallis  gives  a  good  many  of  the  elementary  properties  of  the  convergents 
to  a  general  continued  fraction,  including  the  rule  for  their  formation. 
Sannderson,  Euler,  and  Lambert  all  helped  in  developing  the  theory  of 
the  subject.  See  two  interesting  bibliographical  papers  by  Giinther  and 
Favaro,  Bulletino  di  Bibliographia  e  di  Storia  delle  Scienze  McUhemalicke  e 
Fisiche,  t  vii.  In  this  chapter  we  have  mainly  followed  Lagrange,  who  gave 
the  first  full  exposition  of  it  In  his  additions  to  the  French  edition  of  Euler's 
Algebra  (1795).  We  may  here  direct  the  attention  of  the  reader  to  a  series 
of  comprehensive  articles  on  continued  fractions  by  Stem,  Crelle'a  Jour.,  z., 
XL  xviiL 
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nearly  equals  without  exceeding  D  be  the  denominator  of  an 
intermediate  convergent^  the  denominator  in  the  (B)  series  which 
most  nearly  equals  without  exceeding  D  will  be  the  denominator 
of  a  principal  convergent. 

Example  1. 

To 'find  the  fraction,  whose  denominator  does  not  exceed  60,  which 

779 
approximates  most  closely  to  -  ^^. 

We  have 

The  odd  convergents  are 

the  eyen  convergents 
The  two  series  are 

01237  11  XU  to  i.1cO  Jfitti  XI  MX  JitOV  /A« 

i*  T*  i*  r  2*  y*  ~*  ^'   "^'  ^"^  '^^*  "^^'  * ' '  ^  '* 

1  4  19  84  9V  04  '£UI  OU\t  ^VO  UOO  ItV  #T>v 

0*     1*     "5"*     y*      18'      17*      55*       93*      IE'      169'     207      ^    '' 
Hence,  of  the  fractions  whose  denominators  do  not  exceed  60,  143/88  is  the 
closest  by  defect  and  207/55  the  closest  by  excess  to  779/207. 

Of  these  two  it  happens  that  143/88  is  the  closer,  although  its  denomin- 
ator is  less  than  that  of  207/55  ;  for  we  have  148/88  =  8 '76315  .  .  .,  207/55 
=3 -76863  .  .  .,and  779/207  =  3-76828  .  .  .  For  a  rule  enabling  us  in  most 
cases  to  save  calculation  in  deciding  between  the  closeness  of  the  (A)  and  (B) 
approximations,  see  Exercises  XXX.,  10. 

Example  2. 

Adopting  La  Caille's  determination  of  the  length  of  the  tropical  year  as 

865d  5^  48'  49",  so  that  it  exceeds  the  civil  year  by  5^  48'  49",  we  are  required 

to  find  the  various  ways  of  rectifying  the  calendar  by  intercalating  an  integral 

number  of  days  at  equal  intervals  of  an  integral  number  of  years.  (Lagrauge.) 

20929*^ 
The  intercalation  must  be  at  the  rate  of  per  year ;  that  is  to  say,  at 

the  rate  of  20929  days  in  86400  years.  If,  therefore,  we  were  to  intercalate 
20929  days  at  the  end  of  every  864  centuries  we  should  exactly  represent  La 
Caille's  determination.  Such  a  method  of  rectifying  the  calendar  is  open  to 
very  obvious  objections,  and  consequently  we  seek^o  obtain  an  approximate 
rectification  by  intercalating  a  smaller  number  of  days  at  shorter  intervals. 
If  we  turn  86400/20929  into  a  continued  fraction  and  form  the  (A)  and  (B) 
series  of  convergents,  we  have  (omitting  the  earlier  terms) 


779     1   1 

1   1  1 

207   "^1+  8+  4+  2+5' 

««.  ^   3   15 

143. 

are  J.  -,  _, 

38  ' 

1   4   64 

779 

0*  1*  17' 

207' 

16   79   143 

922   1701 

2480 

4  *  21'   88 ' 

245*   452  * 

659* 

*  ' 

49   64   207 

350   498 

686 

779 

18'   17*   55  * 

98  *   131' 

169' 

207 

4 

T' 

83 

y* 

161 
39  ' 

2865   8484   14008  . 
694  '  2043*   3392  *   " 

(A), 

5 

i' 

9 
2* 

18 

y* 

17 
T* 

21 

T* 

25 
T* 

29   62   95   128   289   450 
7*  15*  23*  "31*   70'  109* 

772   933   1094  . 

187'  226*   265***"- 

611 

r48* 

(B). 
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Hence,  if  we  take  approximations  which  err  by  excess,  wo  may  with  increas- 
ing accuracy  intercalate  1  day  every  4  years,  8  every  88,  89  every  161,  and 
so  on ;  *  and  be  assured  that  each  of  these  gives  us  the  greatest  accuracy 
obtainable  by  taking  an  integral  number  of  days  less  than  that  indicated  in 
the  next  of  the  series. 

The  (B)  series  may  be  used  in  a  similar  manner.t 

Example  8. 

An  eclipse  of  the  sun  will  happen  if  at  the  time  of  new  moon  the  earth  be 
within  about  18°  of  the  line  of  nodes  of  the  orbits  of  earth  and  moon.  The 
period  between  two  new  moons  is  on  the  average  29*5806  days,  and  the  mean 
synodic  period  of  the  earth  and  moon  is  846*6196  days.  It  is  required  to 
calculate  the  simpler  periods  for  the  recurring  of  eclipses. 

Suppose  that  after  any  the  same  time  from  a  new  moon  the  moon  and  earth 
have  made  respectively  the  multiples  x  and  y  of  a  revolution,  then  xx29  *5306  = 

yx 846*6196.    Hence  y/a;= 295806/8466196=0  +  =^ ^i- JrTTirr^. 

11+  1+  «+  1+  4+  u  + 

The  successive  convergents  to  this  fraction  are  1/11,  1/12,  8/85,  4/47,  19/223, 
61/716. 

Suppose  we  take  the  convergent  4/47,  the  error  incurred  thereby  will  be 
<l/47  X  228  in  excess,  and  we  may  write  on  the  most  unfavourable  supposition 

y_4  1 

aj~47     47x223' 

Hence,  if  aj=47,  y=4  - 1/223.  But  3607228=1'* -61.  Hence  47  lunations 
after  total  eclipse  new  moon  will  happen  when  the  earth  is  less  than  l''*61 
from  the  line  of  nodes,  47  lunations  after  that  again  when  the  earth  is  less 
than  8*'*2  from  the  line  of  nodes,  and  so  on.  Hence,  since  47  lunations  =  1388 
days,  eclipses  will-  recur  after  a  total  eclipse  for  a  considerable  number  of 
periods  of  1388  days. 

If  we  take  the  next  convergent  we  find  for  the  period  of  recurrence  228 
lunations,  which  amounts  to  18  years  and  10  or  11  days,  according  as  five  or 
four  leap  years  occur  in  the  interval.  The  displacement  from  the  node  in  this 
case  is  certainly  less  than  8607716,  that  is,  less  than  half  a  degree,  so  that 

*  The  fraction  4/1  corresponds  to  the  Julian  intercalation,  introduced  by 
Julius  Ceesar  (45  B.O.).  88/8  gives  the  so-called  Persian  intercalation,  said  to 
be  due  to  the  mathematician  Omar  Alkhayami  (1079  A.D.).  The  method  in 
present  use  among  most  European  nations  is  the  Gregorian,  which  corrects  the 
Julian  intercalation  by  omitting  8  days  every  4  centuries.  This  corresponds 
to  the  fraction  400/97,  which  is  not  one  in  the  above  series ;  in  fact,  70  days 
every  289  years  would  be  more  accurate.  The  Gregorian  method  has,  how- 
ever, the  advantage  of  proceeding  by  multiples  of  a  century.  The  Greeks  and 
Russians  still  use  the  Julian  intercidation,  and  in  consequence  there  is  a  differ- 
ence of  12  days  between  their  calendar  and  ours.  See  art.  ''Calendar," 
BncyclopaBdia  BrUannica,  9th  ed. 

t  See  Lagrange's  additions  to  the  French  edition  of  Euler's  Algebra  (Paris, 
1807),  t.  ii.,  p.  812. 
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this  is  a  far  mora  certain  cycle  than  the  last ;  in  fact,  it  is  the  &mon8  "  saros  " 
of  antiquity  which  was  known  to  the  Chaldean  astronomers. 

Still  more  accurate  results  may  of  course  he  obtained  by  taking  higher 
eonvergents. 

EZEBOISES  XXX. 

(1.)  Find  the  first  eight  eonvergents  to  1 +^--  ^-rj-rTT  •  •  •  i  *^d  find 
the  fraction  nearest  to  it  whose  denominator  does  not  exceed  600. 

(2.)  Work  out  the  problem  of  Exercise  XXIX.,  4,  using  intermediate  as 
well  as  principal  convei^nts. 

(3.)  Work  out  all  the  eonvergents  to  2r  whose  denominators  do  not 
exceed  1000. 

(4.)  Solve  the  same  problem  for  the  base  of  the  Napierian  system  of 
logarithms  e=2-71828183  .  .  '.     . 

(6.)  Two  scales,  such  that  1873  par|»  of  the  one  is  equal  to  1860  parts  of 
the  other,  are  superposed  so  that  the  zeros  coincide :  find  where  approximate 
coincidences  occur  and  estimate  the  divergence  in  each  case. 

(6.)  Two  pendulums  are  hung  up,  one  in  front  of  the  other.  The  first 
beats  seconds  exactly ;  the  second  loses  5  min.  37  sec.  in  24  hours.  They 
pass  the  vertical  together  at  12  o'clock  noon.  Find  the  times  during  the  day 
at  which  the  first  passes  the  vertical,  and  the  second  does  so  approximately 
at  the  same  time. 

(7.)  Along  the  side  AB  and  diagonal  AC  of  a  square  field  round  posts  are 
erected  at  equal  intervals,  the  interval  in  the  two  cases  being  the  same.  A 
person  looking  from  a  distance  in  a  direction  perpendicular  to  AB  sees  in  the 
perspective  of  the  two  rows  of  posts  places  where  the  posts  seem  very  close 
together  ("ghosts"),  and  places  where  the  intervals  are  clear  owing  to 
approximate  coincidences.  Calculate  the  distances  of  the  centres  of  the 
ghosts  from  A,  and  show  that  they  grow  broader  and  sparser  as  they  recede 
from  A. 

(8.)  Show  that  between  two  given  fractions  p/q  and  p'/^,  such  that 
p^-p^q=l,  an  infinite  number  of  fractions  in  order  of  magnitude  ciin  be 
inserted  such  that  between  any  consecutive  two  of  the  series  no  fraction  can 
be  found  less  complex  than  either  of  them. 

(9.)  In  the  series  of  fractions  whose  denominators  are  1,  2,  3,  .  .  .,  n  there 
is  at  least  one  whose  denominator  is  y,  say,  such  that  it  differs  from  a  given 
irrational  quantity  x  by  less  than  I/tu^.  (For  a  proof  of  this  theorem,  due  to 
Dirichlet,  not  depending  on  the  theory  of  continued  fractions,  see  Serret,  Alg, 
Sup.,  4n»«^,  t  i.,  p.  27.) 

(10.)  If  the  nearest  rational  approximation  in  excess  or  defect  (see  §  16) 
be  an  intermediate  convergent  P/Q,  where  Q=X9n-i  +  ?n-2»  show  that  the 
approximation  in  defect  or  excess  will  be  nearer  unless  Q>ig'n+S'»-i/2a:»fi. 

(11.)  If  zero  partial  quotients  be  (contrary  to  the  usual  understanding) 
admitted,  show  that  every  continued  fraction  may  be  written  in  the  form 

0  +  ^--  — - — —.  .  .,  where  Oi,  aj,  a,,  .  .  .  are  each  either  0  or  1.     Show 

the  bearing  of  this  on  the  theory  of  the  so-called  intermediate  eonvergents. 
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CHAPTEE   XXXIII. 
On  Becurring  Continued  Fractions. 

EVERY  SIMPLE  QUADRATIC   SURD  NUMBER  IS  EQUAL  TO  A 
RECURRING  CONTINUED  FRACTION. 

§  1.]  We  have  already  seen  in  two  particidar  instances  (chap, 
zxxii,  §  5)  that  a  simple  sard  number  can  be  expressed  as  a 
recurring  continued  fraction.  We  proceed  in  the  present  chapter 
to  discuss  this  matter  more  closely.* 

Let  us  consider  the  simple  surd  number  (P,  +  v^R)/Qj.  We 
suppose  that  its  value  is  positive  >  and  we  arrange,  as  we  always 
may,  that  P,,  Q,,  R  shall  be  integers,  and  that  sfR  shall  have 
the  positive  sign  as  indicated.  R  will  of  course  always  be 
positive ;  but  P,  and  Q,  may  be  either  positive  or  negative.  It 
is  further  supposed  that  R  -  P,'  is  exactly  divisible  by  Q,.  This 
is  allowable,  for,  if  R  -  F'  were,  say,  prime  to  Qi,  then  we  might 
write  (P,  +  n/R)/Q,  =  (P,Q,  +  VQ/^)/Q,»  =  (P/  +  VR^)/Q/, 
where  R'  -  P/"{  =  Q,"(R  -  P,")  =  (R  -  P,«)Q/}  is  exactly  divisible 
by  Q/. 

For  eicample,  to  put  ^  (2  -  k/  o)  ^^^^  *he  standard  form  contemplated, 
we  must  write 

l/'o          /A-'^fo     ^/6^_ -4  +  V6_-16  +  V96. 
ir"  V  2/~4r"^/ ^^S""-        -32       ' 

so  that  in  this  case  Pi=  -16,  Qi=  -32,  R=96 ;  R-Pi*=96-256=  -160, 
which  is  exactly  diyisible  by  Qi=  -  32. 

*  The  following  theory  is  due  in  the  main  to  Lagrange.     For  the  details 
of  its  exposition  we  are  considerably  indebted  to  Serret,  Alg,  Sup,,  chap.  ii. 
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§  2.]  If  we  adopt  the  process  and  notation  of  chap.  xxdL, 
§§  3  and  5,  the  calculation  of  the  partial  and  complete  quotients 
of  the  continued  fraction  which  represents  (P,  +  v'RVQ,  proceeds 
as  follows ; — 

P,+  -/R  1 


P.+  VR  1 

P„  +  Vl  1 


(1). 


where  it  will  be  remembered  that  a^,  a^,  .  .  .  are  the  greatest 
integers  which  do  not  exceed  ic,,  a^,  .  .  .  respectively;  and 
x^,  x^,  .  .  .  are  each  positive,  and  not  less  than  unity. 

It  should  be  noticed,  however,  that  since  we  keep  the  radical 
^B  unaltered  in  our  arrangement  of  the  complete  quotients,  it 
by  no  means  follows  that  P,,  Q,,  Pj,  Qs,  &c.,  are  integers,  much 
less  that  they  are  positive  integers. 

The  connection  between  any  two  consecutive  pairs,  say  Pn, 
Qn  and  Pn+i,  Qn+n  foUows  from  the  equation 

PnW5_  1 

On-       ■"'"^Pn^,+  ^/R)/Q.^,  ^'^' 

or 

{(P«  -  a«Q»)P»+.  -  Q»Q»+.  +  R}  +  {P»  -  «»Q»  +  P«+.}  ^^  =  0 

(3). 
It  follows  from  (3),  by  chap.  xL,  §  8,  that 

(P»  -  «»Q„)P«+.  -  Q»Q»+i  +  R  =  0, 

P»-o»Q»  +  Pn+.  =  0; 
whence 

P«+.  =  a»Q«-P«  (4), 

P«+,'  +  Q«Q»+.  =  R  (5). 

If  we  write  «  - 1  f or  n  in  (5),  we  have 

P«*  +  Q»-iQ»  =  R  (6). 
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From  (6),  by  means  of  (4)  and  (6),  we  have 

QnQn+i  =  R-(anQn-Pn)", 

=  Pn"  +  Q„-iQn-(«nQn-P«)", 

80  that 

Qn+i  =  Qn-1  +  2a„P«  -  (In'Qn, 

=  Qn-i  +  a„(P«-P„+0  (7). 

The  formulae  (4)  and  (7)  give  a  convenient  means  of  calculat- 
ing Pg,  Pa,  Qg,  P4,  Q,,  &c.,  and  hence  the  successive  complete 
quotients  oc^,  x^,  ...     Q,  is  given  by  the  equation 

P/  +  Q.Qx  =  R, 

namely,  Q.  = ^'^^ ^ , 

=  ^^^'  +  2a,P,-a,-Q,. 

From  this  last  equation  it  follows,  since  by  hypothesis 
(R  -  Pi*)/Qx  is  an  integer,  that  Qg  is  an  integer.  Hence,  since 
P,,  Q,  are  integers,  it  follows,  by  (4)  and  (7),  that  P.,  Pg, .  .  . ,  Pn, 
Qs>  •  •  •)  Qn  &i*6  ^o  All  integers. 

§  3.]  We  shall  now  investigate  formulae  connecting  P^  and 
On  with  the  numerators  and  denominators  of  the  convergents 
to  the  continued  fraction  which  represents  (P,  +  n/R)/Q,  . 

We  have  (chap,  xxxii.,  §  9) 

^'±  .'^  =  Pn-i^  +  Pn-B  /^v 

Qi  ?«-i«n  +  ?n-« 

^  Pn-i'Pn+Pn-.,(in+Pn-i  ^^ 

Hence 

(P.  +   ^/R)  ((?n-,Pn  +  (?n-.Qn  +  ?n-,  ^) 

=  Q,(Pn-xPn+i?«-.Qn+i^«-l^/E)      (1). 

From  (1)  we  derive 

?n-iPn  +  Jn-.Qn  =  Q.iPn-i  -  Pi?«-i  (2)  ; 

■p  _  p  « 


Digitized  by 


Google 


428  Pn<\/R>     Qn<2v/It,     an<2>/R  chap. 

From    (2)    and   (3)   we    obtain,   since   pn-i^n-a' Pn-a^n-i 

(  -  l)»-^Pn  =  P,(i»n-,?«-.  +Pn-»qn-i) 

R-P,* 


Q. 


-9n-i9n-t-QiPn-iPn-i      Wi 


(  -  1)»-^Q„  =  -  2i>„..2„..P.  -  ^^9n-'  +  Q.i'n-.'      (5). 

The  formulae  (4)  and  (5)  give  us  the  required  expressions, 
and  furnish  another  proof  that  Pg,  Pa,  .  .  .,  P»,  Qa,  Qa,  .  •  .,  Qn 
are  all  integral. 

§  4.]  If  in  equation  (2)  of  last  paragraph  we  replace  P,  by  its 
value  Q,(^n-,«n  +i?n-.)/(?n.iaVi  +  qn-2)  -  ^^R,  derived  from  equa- 
tion (A),  we  have 

gn-.Pn  +  g«-.Q»  =  }  ~^Zl^'  -^  g"-  ^  <1>- 

Also,  since  a^  =  (P„  +  v'  R)/Qni  we  have 

P„-a^.Q„=  -  ^^  (2). 

From  equations  (1)  and  (2)  we  derive,  by  direct  calculation, 
the  following  four : — 

P«  = 

Q„  = 
(^;:;^^.(*-.(,.-,.^)>'E-(-l,.-^      (5); 

2\/R-Qn  = 

/^       ^    ^^       x,{(^i^gt^i  +  !?r«)(?n-i«n  +  ?«^)2  n/R-(-1)'»-1Q J  (6). . 

The  coefficients  of  \/R  and  2  \/R  in  these  four  formulse  are 
positive,  and  increase  without  limit  when  n  is  increased  without 
limit.     Hence,  since  Q,  is  a  fixed  quantity,  it  follows  that  for 
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some  value  of  n,  say  n  =  v,  and  for  all  greater  Values,  Pn*  Qn^ 
\/R  -  P„,  2  \/R  -  On  will  all  be  positive.  In  other  toords,  on 
and  afUr  a  certain  valvs  of  n,  n  =  v  say^  P^  arid  Q^  «^^  he  positive  ; 
and  Pn<  ^/^,  and  Q„<2  \/R. 

Cor.  1.  Since  P„  and  Qn  are  integers,  it  follows  that 
after  w  =  v  P„  cannot  have  more  than  VR  differ erd  values,  and  Q^ 
cannot  have  more  than  2  \/R  differ erd  values ;  so  that  x^ 
=  (Pn  +  ^^)/Qn  cfl^^wo^  ^^«  ^w(>r«  <Aan  \/R  x  2  ^/R  =  2R  different 
values.  In  other  words,  after  the  vth  complete  quotient^  the 
complete  quotients  must  recur  within  2R  steps  at  most. 

Hence  the  continued  fraction  which  represents  (Pj  +  v1&)/Qi  mttst 
recur  in  a  cyde  of  2R  steps  at  most. 

Since  ever  after  n  =  v  Pn  and  Qn  remain  positive,  it  is  clear 
that  in  the  cyde  of  complete  quotients  there  cannot  occur  any  one  in 
which  Tn  and  Qn  are  not  both  positive. 

It  should  be  noticed  that  it  is  merely  the  fact  that  Pn  and 
Qn  ultimately  become  positive  that  causes  the  recurrence. 

If  we  knew  that  on  and  after  n  =  v  Pn  remains  positive,  then 
it  would  follow,  from  §  2  (4),  that  Q,  and  all  following  remain 
positive ;  and  it  would  follow,  from  §  2  (5),  that  P,+x  and  all 
following  are  each  <  \^ ;  and  hence,  from  (4),  that  Q,  and  all 
following  are  each  <  2  \/R ;  and  we  should  thus  establish  the 
recurrence  of  the  continued  fraction  by  a  somewhat  different 
process  of  reasoning. 

Cor.  2.  Since  a^  is  the  greatest  integer  in  (Pn+  V^R)/Qn» 
and  since,  if  w>v,  Pn  and  Qn  are  both  positive,  and  Pn<  ^R, 
and  Qn  >  1,  it  follows  that,  if  n  >  v,  On  <  2  \/R. 

It  follows,  therefore,  thai  none* of  the  partial  quotients  in  the  cyde 
can  exceed  the  greatest  integer  in  2  \^ 

Cor.  3.  By  means  of  (3)  and  (4),  we  can  show  that  ultimaiely 

Pn  +  Qn>N/R  (7). 

Cor.  4.  From  §  2  (5),  we  can  also  show  that  ultimatdy 

Pn  +  Qn-l>^/R  (8). 
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Cor.  5.  Since  n/R>Pto,  it  follows  from  Cor.  3  and  Cor.  4  that 
ulUmatdy 

<Qn-,  (9). 


EVERY  RECURRING  CONTINUED  FRACTION   IS   EQUAL  TO  A 
SIMPLE   QUADRATIC  SURD  NUMBER. 

§  5.]  We  shall  next  prove  the  converse  of  the  main  pro- 
position which  has  jast  heen  estahlished,  namely,  we  shall  show 
that  every  recurring  continued  fraction,  pure  or  mixed,  is 
equal  to  a  simple  quadratic  surd  number. 

First,  let  us  consider  the  pure  recurring  continued  fraction 

»      Oj  +  a,.  + 

* 

Let  the  two  last  convergents  to 

1  1 

a,  + .   .   .  — 

<h+  Or 

be  p'/q'  and  p/q. 

From  (1)  we  have 

1  1     1 

CCj  =  tti  +  — -  .   .    . } 

a,  +  (Lr+  Xy 

qxy  +  q  ^ 
whence 

Fi"  +  fe'-p)-^i-/  =  0  (2). 

The  quadratic  equation  (2)  has  two  real  roots ;  but  one  of 
them  is  negative  and  therefore  not  in  question,  hence  the  other 
must  be  the  value  of  arj  required. 

We  have,  therefore, 

__  I?  -  g''  +  \/(^  -  (ff  +  ip'q 

L+  v/N 


x,=^ 


(3), 


which  proves  the  proposition  in  the  present  case. 
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It  should  be  noticed  that^  since  a^  +  0,  p/q>l ;  so  that 
p>q>^'  Hence  p-gf  cannot  vanish,  and  a  pure  recurring 
fraction  can  never  represent  a  surd  number  of  the  form  \/N/M. 

Next,  consider  the  general  case  of  a  mixed  recurring  con- 
tinned  fraction. 

Let 

1  111  1  ,,v 

ic  =  a,  + .  .  .  — -  — .  .  . .  .  .     (4). 

Also  let 

yi  =  «!  +  —  .  .  •  — .  .  .  (5). 

Then,  by  (3), 

L+  \/N 

From  (4)  we  have 

1  1     1 

a?,  =  a,  +  — ^ .  .  . , 

a,  +  flr  +  yi 

whence,   if  P'/Q'   and   P/Q   be    the   two  last  convergents  to 

1  1 

a,  + .  .  .  -, 

^8+      •         Or 

_  Py,  +  F 

""^'Qyi  +  Q" 

^  PL  +  FM  +  Pn/N 
QL  +  Q'M  +  Qn/N  ^^ 

Hence,  rationalising  the  denominator,  we  deduce 

U  +  V\/N 

^^  =  — w — 

Example  1. 

^    ♦2+ 1+1+ 

« 

The  two  last  convergents  to  1  +  g—  =■  are  3/2  and  4/3  ;  hence 


We  therefore  have 
the  positive  root  of  which  is 


_4a?i  +  8 
^^"aci  +  2- 

8a;i'-2a;i-8=0, 

1+VTo 


xi=- 


3 
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Example  2. 

The  two  last  oonvergents  to  S  +  t  cu'e  3/1  and  13/4 ;  and,  by  Example  1 
above, 

1+J-J_  ^1  +  VlO 


We  have,  therefore, 


2+ 1+' • *  8 

*) 

^'    ^■*"4+  (l  +  ViO)/3* 
^13(l  +  ViO)/8  +  3 
4(l  +  ViO)/3  +  l' 
_22  +  18VlO 
7  +  WiO  ' 

866-3\/l0 
=  "^II ' 

_122-VlO 
"       87 


ON  THE  C30NTINUED  FRACTION   WHICH  REPRESENTS  >/(C/D). 

§  6.]  The  square  root  of  every  positive  rational  number,  say 
\/(C/D),  where  C  and  D  are  positive  integers,  and  C/D  is  not 
thejquare  of  a  commensurable  number,  can  be  put  into  the  form 
^/N/M,  where  N=fCD  and  M  =  D.  Since  N/M  =  C  is  an 
integer,  we  know  from  what  precedes  that  \/N/M  can  be 
developed,  and  that  in  one  way  only,  as  a  continued  fraction  of 
the  form 

1               111               1  ... 

x,  =  a,  + .  .  . ... ...     (1). 

08+  ar+ai+aa+  a,  +  V' 

We  have,  in  fact,  merely  to  put  Pi  =  0,  R  =  N,  Qi  =  M  in  our 
previous  formulae. 

We  suppose  that  \/N/M  is  greater  than  unity,  so  that  a^  4=  0. 
If  \/N/M  were  less  than  unity,  then  we  have  only  to  consider 
M/  \/N  =  \/M"N/N,  which  is  greater  than  unity. 

The  acyclic  part  a,  + ...  -  must  consist  of  one  term  at 
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least,  for  we  saw,  in  §  5,  that  a  pure  recurring  continued  fraction 
cannot  represent  a  surd  number  of  the  form  >/N/]VL  Let  us 
suppose  that  there  are  at  least  ttoo  terms  in  this  part  of  the 
fraction;   and  let  F/Q',  P/Q  be  the  two  last  convergents  to 

a,  + .  .  .  — ;    and  y/g',  p/q  the  two  last  convergents  to 


1 

0,  + . 

0,+ 

.  .    ^       ^       ^    .  .  .  \    Then,  if 

0,.+  o,  +  a,+              a. 

we  have 

1                   1 

«■ 

1                                      1            1 

=  a,  + ... , 

a.+           ar+  yi 

Hence 

1                111               11 

=  a,  + .  .  . .  .  . 

(2). 

Eliminating  y,  from  the  equations  (2),  we  have 
W  -  Q'qW  -  (Q/  -  Q>  +  Pg'  -  P'?K  +  (Pi>'  -  P»  =  0     (3). 
Now,  if  a^  =  \/N/M,  we  must  have 

MV-N  =  0  (4). 

In  order  that  the  equations  (3)  and  (4)  may  agree,  we  must 
have 

Q|/-Q>  +  P^-P'2  =  0  (5); 

and 

Pp'-Fj>_      N 

Q2'-Q'?~     W  ^^'■ 

It  is  easy  to  show  that  equation  (6)  cannot  be  satisfied.     We 
have,  in  fact, 

Pp'  -  Fp    PyP/F-j>/j»' 

W-Q'rQVQ/Q'-g/j' 

But^  by  chap,  zxxii.,  §  7, 

P_£_  1  1 ]_  1^  . 

P'    p'~'^'^ar.,+  •  •  "a,""*    <«..,+  •  •  -a,' 

where/  is  a  proper  fraction. 

VOL.  n  2  F 


(7). 
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Similarly 


1                1 

1                 _,     r» 

1 

»«                     «•-!  + 

••a.= 

where  /'  is  a  proper  fractioa 

Now  Oy.  -  a,  cannot  be  zero,  for,  if  that  were  so,  we  should 
have  Or  =  a„  that  is  to  say,  the  cycle  of  partial  quotients  would 
begin  one  place  sooner,  and  would  be  a«,  aj,  a,,  .  .  . ,  a^.^,  and  not 
ai,  a,, .  .  .,  a«,  as  was  supposed.  It  follows  then  that  Or-a,  is 
a  positive  or  negative  integral  number.  Hence  the  signs  of 
P/P'-^/p'  and  Q/Q'-g/j'  are  either  both  positive  or  both 
negative,  and  the  sign  of  the  quotient  of  the  two  is  positive. 
Hence  the  left-hand  side  of  (6)  is  positive,  and  the  right-hand 
side  negative. 

There  carniot,  therefore,  be  more  than  one  partial  qmtient  m  the 
acyclic  part  of  (l). 


(8), 


Let  US,  i 

bhen,  write 

1       1 

«,  =  «  +  —--—  . 

* 

1        1 

=  a  + . 

1        1 

a«  +  ;a,  -1- 

1            1 

•  •  a,+  l/{x,-a) 

Hence 

""27(2^-0)  + 2" 


^^pl(x,-a)+p' 


which  gives 

2'x,'-0>'  +  2'a-?K-0»-ap')  =  0  (9). 

From  (9)  we  obtain 

_p'  +  ^a-q      '</{p'  +  g'a-qy+Hp-ap')q' 
an 27  2?  ^^">- 

In  order  that  (10)  may  agree  with  »,  =  '/N/M,  we  must  have 
y  +  2'a-2  =  0  (11); 

and 

fSfM'  =  (p-apy  (12). 

Cor.  1.  By  equation  (11)  we  have 
p'li  +  a  =  ql^. 
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Hence,  by  chap,  xxxii.,  §  7,  Cor.  2, 

111  11 

2a  + .  .  .  =  a,  + .  .  .  -. 

It  follows,  therefore,  by  chap,  xxxii.,  §  3,  that 

a,=  2a,      a,_,  =  a„      a,_g=aa,      .   .    .,      ai  =  o,_i. 

In  other  to&rds,  the  last  partial  quotient  of  the  cyclical  part  of  the 
continued  fracium  which  represents  v/N/M  is  double  the  unique  partial 
quotient  which  forms  the  acyclical  part ;  and  the  rest  of  the  cycle  is 
reciprocal,  that  is  to  say,  the  partial  quotients  equidistant  from  the  two 
extremes  are  equal. 

In  short,  we  may  write 

—  =a+— —  J_-L_LJ-  /13^ 

M  a,  +  Oa  +  *   '   *   Oj  +  a,  +  2a  +  a,  +  *   '   '    ^     '* 

*  * 

Cor.  2.  If  we  u>se  the  value  of  ^a  given  by  (11),  toe  may  throw 
(12)  into  the  form 

a-N/M-^i^s'-yoz-y); 


=  ±1  (14), 

the  upper  sign  being  taken  if  pjq  be  an  even  convergent,  the  lower  if 
it  be  an  odd  convergent, 

§  7.]  All  the  results  abeady  established  for  (P^  +  >/R)/Q, 
apply  to  >/N/M.  For  convenience,  we  modify  the  notation  as 
follows  : —  __ 

a,    =  a,         x,  =  (P,  +  x/R)/Q,  =  (0  +  VN)/M ; 
0.     =a„         a^=(P.+  ^/R)/Q.  =  (L,+  ^/N)/M,; 
fl,     =  a«  a^=(P.+   ^/R)/Q.  =  (I^+   ^^N)/M.; 

«.     =a..i,     a;.  =  (P.+  v^R)/Q,  =  (L..,+  ^/N)/M,_,; 

«».+i  =  2a, 

<l»+9  =  ai»  ....... 

From  §  2  (4),  we  then  have 

L,^=an.iM„.,-L„_,  (1); 

and,  in  particular,  when  n  =  1, 

L,  =  aM  (1'). 
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CYCLES  OF  DIVIDENDS  AND  DIVISORS 


CHAP. 


(2); 
(2'). 

(3); 
(4)- 


From  §  2  (5),  we  have 

L„'  +  M„.,M„  =  N 
and,  in  particular, 

L,'  +  MM,  =  N 

From  §  3  (4)  and  (5),  we  have 

(-1)»L„  =  (N/M)}„y„.,-Mi,ni,„ 
(-)»M,.  =  MK-(N/M)j„' 

These  formulsB  are  often  useful  in  particular  applications.  It 
will  be  a  good  exercise  for  the  student  to  establish  them 
directly. 

§  8.]  Let  us  call  L,,  L^  &c.,  the  Rational  Dividends  and  M, 
Ml,  Ma  &c.,  the  Divisors  belonging  to  the  development  of  \/N/M. 

Then,  from  the  results  of  §  4,  we  see  that 

None  of  the  rational  dividends  can  exceed  >/N  ;  rume  of  the  partial 
quotients  and  none  of  the  divisors  can  exceed  2  VN. 

All  the  rational  dividends,  and  all  the  divisors,  are  positive. 

It  is,  of  course,  obvious  that  the  rational  dividends  and  the 
divisors  form  cycles  collateral  with  the  cycle  of  the  partial  and  total 
quotients ;  namely,  just  as  we  have 

a»+i  =  ai>     «,+»  =  ««> 
so  we  have 

L,+i  =  L„     L,+,  =  Lg,  (1), 

and 

M.+,  =  M„    M.+.  =  M.,  (2). 

We  can  also  show  that  the  cycles  of  the  rational  dividends 
and  of  the  divisors  have  a  reciprocal  property  like  the  cycle  of 
the  partial  quotients ;  namely,  we  have 

L.     =L„     M,     =M;^ 
I^.,=L,     M..,  =  M,; 
L,_,  =L„     M,_.  =  M.; 

For,  by  §  7  (2), 

L,+,'  +  M.+iM,  =  V  +  M,M; 
but  L,+,  =  L,  and  M,+i  =  M„  hence 

M.  =  M  (4). 


(3). 
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Again,  by  §  7  (1), 

L,+,  =  a,M,  -  L, ; 

but  L,+,  =  Li,  a,  =  2a,  M,  =  M,  hence  we  have 

Li  =  2aM  -  L^ 

Now,  by  §  7  (r),  Lx  =  aM,  hence 

therefore  L,  =  Li  (5). 

Again,  by  §  7  (2), 

L/  +  M.M,.i  =  L,"  +  M,M, 
whence,  bearing  in  mind  what  we  have  already  proved,  we  have 

M..,  =  M,  (6). 

Once  more,  by  §  7  (1), 

Li  =  a^Mi  —  Lp 
NowM,-i  =  Ml  and  a,_i  =  aj,  hence 

Bat  Lf  =  Li,  hence 

L..,  =  I* 

Proceeding  step  by  step,  in  this  way,  we  establish  all  the 
equations  (3). 

It  appears,  then,  that  we  may  write  the  cycles  of  the  rational 
dividends  and  of  the  divisors  thus — 

Ld  I^  La,  •  •  •,  L^  L»  l*! ; 

M„  M«  Ma,  .  .  .,  M„  M«  M„  M 

Since  M  precedes  Mj,  we  may  make  the  cycle  of  the  divisors 
commence  one  step  earlier,  and  we  thus  have  for  partial  quotients, 
rational  dividends,  and  divisors  the  following  cycles : — 

«»    a»    a»  •  •    •»     «8j    «»    «»      2a;  aj.  . 
Lj,  Lg,  Ls,  .  .  .,  La*  I^     Li;  L,. 

M,M„M«M3,  .  .  ,         M„M,;  M,    M,. 

That  is  to  say,  the  cyde  of  the  rational  dividends  is  collateral  with 
the  cyde  of  the  partial  quotients,  and  is  completdy  reciprocal ;   the 
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cyde  of  the  divisors  begins  one  step  earlier*  (that  is,  from  the  very 
beginning),  and  is  reciprocal  after  the  first  term. 

§  9.]  The  following  theorem  forms,  in  a  certain  sense,  a 
converse  to  the  propositions  just  established  regarding  the  cycles 
of  the  continued  fraction  which  represents  *</N/M. 

If  L«      =Wi,      Mm      =Un,  a^      =an, 

then  L„_,  =  L„+^     M^_i  =  Mn+„     a„»-,  =  a„+,  (1). 

We  have,  by  §  7  (2), 

Lm'  +  M^M,„_ ,  =  Ln+»'  +  Mn+,  Mn, 

whence,  remembering  our  data,  we  deduce 

M^-,  =  Mn+,  (2). 

Again,  by  §  7  (1), 

Ltn  +  I^-i  =  «m-iM^-i, 

whence,  since  L^  =  Ln+i  ty  data^ 

=  (om-i  -  c%+i)Mn+,  (3). 

If  Lfn-i  >  Ln+»  WO  may  write  (3) 

(L^.i  -  Ln+t)/Mn+,  =  c^n-i  -  On+i  W  ; 

if  L,„_i  <  L^+a,  we  may  write 

But,  by  §  4  (9),  the  left-hand  sides  of  (4).  and  (5)  (if  they 
differ  from  0)  are  each  <  I,  while  the  right-hand  sides  are  each 
positive  integers  (if  they  differ  from  0). 

It  follows,  then,  that  each  side  of  equation  (3)  must  vanish, 
so  that 

Lm-i  =  Ln+8  (6), 

am-i  =  an+i  (7), 

which  completes  the  proof. 

*  The  fact  that  the  cycle  of  the  divisors  begins  one  step  earlier  than  the 
cycles  of  the  partial  quotients  and  rational  dividends  is  true  for  the  general 
recurring  continued  fraction.  Several  other  propositions  proved  for  the 
special  case  now  under  consideration  have  a  more  general  application.  The 
circumstances  are  left  for  the  reader  himself  to  discover. 
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Cor.  1.  Startmg  with  the  equations  in  the  second  line  of  (!)  as 
data,  we  coM  in  like  manner  prove  that 

and  so  on,  forwards  a/nd  backwards. 

Cor.  2.  If  we  put  m  =  n,  the  conditions  in  (1)  become 

Ln  =  Ln+i>      Mn  =  Mn,      a„  =  On  ; 

in  other  words,  the  conditions  reduce  to 

Ln  =  Ln+i ; 
and  the  conclusion  becomes 

Hence,  if  two  consecutive  ratumal  dividends  he  eguai,  they  are  the 
middle  terms  of  the  cycle  of  rational  dividends,  which  mmt  therefore 
be  an  even  cycle;  and  the  partial  quotient  and  divisor  corresponding 
to  the  first  of  (he  two  rational  dividends  wUl  be  the  middle  terms  of 
their  respective  cycles,  which  must  therefore  be  odd  cycles. 

Cor.  3.  If  we  put  m  =  w  +  1,  the  conditions  in  (1)  reduce  to 

Mn+i  -  Mn,      On+i  =  On  l 

and  the  conclusion  gives 

Lfi  =  !%+«>      Mn  =  Mn+i,      an  =  an+i. 
Using  this  conclusion  as  data  in  (1),  we  have  as  conclusion 

Ln-i  =  I^n+8>      Mn_,  =  M^+g,      o^-i  =  a»+t ; 

and  so  on. 

Hence,  if  two  consecutive  divisors  (M„,  Mn+i)  be  equal,  and  also 
the  two  corresponding  partial  quotients  (a^,  0^+1)  be  equal,  these  two 
pairs  are  the  middle  terms  of  their  respective  cycles,  which  arte  both 
even;  and  the  rational  dividend  (Ln+i)  corresponding  to  the  second 
meniber  of  either  pair  is  the  middle  term  of  its  cyde,  which  is  odd. 

These  theorems  enable  us  to  save  about  half  the  labour  of 
calculating  the  constituents  of  the  continued  fraction  which 
represents  n/N/M.  In  certain  cases  they  are  useful  also  in 
reducing  surds  of  the  more  general  form  (L  +  \^N)/M  to  con- 
tinued fractions. 

Example  1. 

Express  n/8463/39  as  a  simple  continued  fraction  ;  and  exhibit  the  cycles 
of  the  rational  diyidends  and  of  the  diyisors. 
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We  have 

VsieS    „.  -78  +  V8468    .  .  1 

-=2+ 57i =2  +  7 


89  39  (78  +  V8463)/61' 

78  +  V8i63__      -44  +  \/8463__o  .  1 

- — ^+ — — z  +  - 


61  61  (44  +  V8468)/107' 

44-f  V8468^       -68  +  V8463_^^  1 


107  107 (63  +  V8463)/42 ' 

63  +  V8468     «     -63  +  \/8463     «.  1 

"■=8-1 j^ =  o  + 


42  42  (63  +  V8463)/107' 

63  +  V8468    ,  .  .. 
107        =^'-^' 
Since  we  have  now  two  8acce88i7e  rational  dividends  each  equal  to  63,  we 
know  that  the  cycle  of  partial  quotients  has  culminated  in  3.     Hence  the 
cycles  of  partial  quotients,  rational  dividends,  and  divisors  are — 
Partial  quotients  .     .      2,        1,      3,        1,      2,      4 ; 
Rational  dividends    .     78,      44,    63,      63,     44,     78; 
Divisors  ...     39,     61,     107,     42,    107,     61 ; 

and  we  have  

\/8468__._^  111111 


89  ^2+  1+  3+  1+  2+  4+-  •  •     • 

*  * 

Example  2. 

If  c  denote  the  number  of  partial  quotients  in  the  cycle  of  the  continued 
fraction  which  represents  VN/M,  prove  the  following  formuls : — 
Ifc=2^, 

Pe_Pt+iqt+Ptqt-i  (J  J . 

ifc=2i  +  l, 

Pe^Pt+iqt+l+Ptqt  /TT  \  . 

if  m  be  any  positive  integer, 

q^mc  ^Pmcqmc  ^         '• 

For  brevity  we  shall  prove  III.  alone.  The  reader  will  find  that  I.  and 
II.  may  be  proved  in  a  similar  manner.  For  a  different  kind  of  demonstra- 
tion, see  chap,  zxziv.,  §  6. 

We  have 

Pt!^=a+--     .  .  .  J- J-  .  .  .  i  (2m  cycles), 
?2mc  ai+  ai+  2a+  a/         ^       ^' 

=a+ .  .  .  r —  .  .  . i —  (m  cycles), 

ai+  ai+  2a+  ai+  a+pn^/p^^      ^ 

_  {a  +Pmclqfne)Pmc  +Pfnc-l 

(a  +Pmclqme)  fi'mo  +  qme-1 

_  {flPme  +Pme-\)  gmo  +  j?mc* 

qmciaqmo  +  qme-l-^-Pme) 


(a) 
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Now  the  equations  (2)  and  (5)  of  §  8  give  us 

9me  Pfiic+i  +  ^mc-l  Q«iic+1  =  MPi 


In  the  present  case, 

Pmefl  =  Po+i  =  Lc  =  Li  =  «M, 

Qm<^H  =  Q<>fl  =  Me         =    M. 

The  equations  03)  therefore  give 

From  (a)  and  (7)  (III.)  follows  at  once. 

The  formula  (I.),  (II.),  (III.)  enable  us,  after  a  certain  number  of  con- 
yergents  to  VN/M  have  been  calculated,  to  calculate  high  conyergents  with- 
out finding  all  the  intermediate  ones. 

Consider,  for  example, 

V8463__^    111111 


89         '''2+1+3+1+2+4  + 

«  * 

Here  c=6,  <=8,  and  we  have  for  the  first  four  convergents  2/1, 6/2,  7/8,  26/11 ; 
hence 

_26x8+7x2_92 
"     3(11  +  2)    "39* 

Also  ^^^±WM^, 

^a  2^96 

^92»  +  (8463/89«).89«^16927 . 
2x92x39  7176  ' 

y»4^J>ia'  +  (y/M^)gia»^ 
qu  ^Puqii 

16927^  X  89»+8468  x  7176» 
"     2  X  39-' X  16927x7176     " 
The  rapidity  and  elegance  of  this  method  of  forming  rational  approximations 
cannot  fail  to  strike  the  reader. 


Exercises  XXXI. 

Express  the  following  surd  numbers  as  simple  continued  fractions,  and 
exhibit  the  cycles  of  the  partial  quotients,  rational  dividends,  and  divisors : — 
(1.)  V(lOl).  (2.)  W(63).  (8.)  V(H). 

(7.)  Express  the  positive  root  ofa^-x-4=0asa  continued  fraction,  and 
find  the  6th  convergent  to  it. 

(8.)  Express  both  roots  of  2a^-6a;-l  =  0  as  continued  fractions,  and 
point  out  the  relations  between  the  various  cycles  in  the  two  fractions. 
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(9.)  Show  that 

• 

V(a»-J)=»-5;^  . 

CHAP. 


(10.)  Express  \/{a^'\-l)  as  a  simple  continued  fraction,  and  find  an  expres- 
sion for  the  nth  convergent 

Evaloate  the  following  recurring  continued  fractions,  and  find,  where  you 
can,  closed  expressions  for  their  nth  convergents ;  also  obtain  recurring 
formulae  for  simplifying  the  calculation  of  high  conyergents : — 

1 


(11.) 

* 

•     • 

(12.) 

1 

a- 

« 

•     • 

(18.) 

1      1 

a+  b  + 

*     « 

•     • 

DW,  in 
(14.) 

this 

case, 

that 

11                    1 
1  +  1+   •  •  •  2  + 

•  •  ■  1 

where  the  cycle  copsists  of  n  units  followed  by  2. 
(15.)  Show  that 

f  j_j_ . .  .vj_ . .  .^ 

\X'\-4x+  J\2x+  ) 

is  independent  of  x, 
(16.)  Show  that 

("^  ■■•)'-(-^  ■■•)■- 

(17.)  H  ..j+jLJ.  .  .  .,    ,.j+J.jL.. 

«  ♦ 

1    1  ^  1 

z=c+— -r-r  •  •  •»  w=a+6+c+ — rrrrr  • 

•     a+0+  «  a^rO^rC^r 

« 

show  that 

2(g+y+ie)-(a+&+c)_    11^      1 
2w-(a+6  +  c)-aJ(j      ftc  +  1    ca+1    oft  +  l* 
(18.)  Show  that 

V  6+  '  ■  V  ~2a+6»-  •      ■     • 
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(19.)  Up  be  the  numerator  of  any  convergent  to  V2,  then  2p*±l  will 
also  be  the  nnmerator  of  a  convergent,  the  upper  or  lower  sign  being  taken 
according  aap/q  is  an  odd  or  an  even  convergent ;  also,  if  9,  g'  be  two  con- 
secutive denominators,  5*+g^'  will  be  a  denominator. 

(20.)  Evaluate 

J 1_  1 

1+1+  '  •  •n+  •  •   '  ' 
*  * 

where  the  cycle  consists  of  n-1  units  followed  by  n. 
(21.)  In  the  case  of  = —  -j— -  .  .  .,  prove  that 

1  +   4  + 

*        « 

P^=q2n+i=  {(V2  +  1)'^^  +  (V2-1)'"+M/2V2, 
l^-i=teib.  =  {(V2  +  1)*'-(V2-1)*"}/4V2. 
(22.)  Convert  the  positive  root  of  ajc*+a&B-6=0  into  a  simple  con- 
tinued fraction;   and  show  that  p«  and  'gn  ar^  the  coeflScients  of  a^  in 
(a:  +  6aj"-{B*)/(l-a^+2.»"+{B*)  and  (aaj+a6+l.a?+a!*)/(l-ad  +  2.aj»+aJ*)  re- 
spectively. 

Hence,  or  otherwise,  show  that  if  a,  /5  be  the  roots  of  1  -(aJ+2)s+2'=0, 
then 

(a"+i-/3»+i)-(a"-/3") 

^^i=^»-     = V^^ ' 

(23.)  If  the  number  of  quotients  in  the  cycle  of 

VN^^    J ]L  J_J__1  bee 

"M      ^    ai+oa+  '      '  aa+  01+  2a+ '  *  ' 

*  « 

show  that 

^1  111  11,  ,    ,     N^'^c 

a+ — -.  .  .  — -s — ; -.  .  .  — --  (m  cycles)  =;i7^. 

ai+  ai+  2a+  ai+  ai+  a  ^       ^       '     M^«o 

(24.)*  If  c  be  the  number  of  quotients  in  the  cycle  of  ^/S/'Mi,  show  that  if 

c=2^  +  l, 

^«=r-l+^t+r_N 

r=0,     1 t-l; 

and  if  c= 2^, 

Pt-r-iPt-T-l  +  Pr+r-l  Pt+r  _  N 

(25.)t  IfVZ=a  +  — —  .  .  .  — —  rr^.  .  .,  and  if  the  convergent 
^      '         ^  ai+  03+  03+  ai+  2a+         '  ^ 

•  » 

*  For  solutions  of  Exercises  24  and  26-29  see  Muir's  valuable  little  tract 
on  The  Eaepression  of  a  Quadratic  Surd  as  a  Continued  Fraeiion^  Glasgow 
(Maclehose),  1874. 

t  In  connection  with  Exercises  25  and  80-32  see  Serret's  Cours  cTAlgibre 
Supiriewre,  3«»«  ^d.,  t.  L,  chaps,  i.  and  ii. 
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obtained  by  taking  1,  2,  .  .  .,  i  periods,  ending  in  each  case  with  ai,  be 
Zi,  Za,  .  .  .,  Zi,  and  if  Zi=Pi/Qi,  .  .  .,  Z,=:P</Qo  Pi  and  Qi  being  integers 
prime  to  each  other  as  usual,  then 

P«  -  Q,VZ=(P<-i  -  Qi-iVZ)  (Pi  -  Qi\/Z), 
=  (Pi-QiVZ)'; 

z<+vz_  /Zi+yzy 

(26.)  If  N  be  an  integer,  and  if  a  cyclical  partial  quotient  occur  in  the 
development  of  ^yN  equal  to  the  acyclic  partial  quotient  a,  that  quotient 
will  be  the  middle  term  of  the  reciprocal  part  of  the  cycle ;  and  no  cyclical 
partial  quotient  can  occur  lying  between  a  and  2a. 

(27. )  When  N  is  a  prime  integer,  the  cycle  of  partial  quotients  is  eyen, 
and  the  middle  term  of  the  reciprocal  part  of  the  cycle  is  a  or  a  - 1,  according 
as  a  is  odd  or  even. 

(28.)  If  N  be  an  integer,  and  the  cycle  of  VN  be  odd,  then  A  is  the  sum 
of  the  squares  of  two  integers  which  are  prime  to  each  other.' 

Exhibit  865,  as  the  sum  of  two  squares. 

(29.)  The  general  expression  for  every  integer  whose  square  root  has  a 
cyde  of  c  terms,  the  reciprocal  part  of  which  has  the  terms  ai,  oa,  .  .  .,03,  ai, 

where  m  is  any  positive  integer,  Andj//^,  p/q  are  the  two  last  convergents  to 

01  +  — -  .  .  .  — -  — . 
aa+  02+  oi 

Find  an  expression  for  all  the  integers  that  have  1,  2,  1  for  the  reciprocal 
part  of  the  cycle  of  their  square  root. 

(80.)  If  two  positive  irrational  quantities,  x  and  of,  can  be  developed 
in  continued  fractions  which  are  identical  on  and  after  a  certain  constituent, 
show  that 

a^={ax  +  b)l{a'x+b'\ 

where  a,  &,  a\  V,  are  integers  such  that  a5'  -a'6=  dbl ;  and  that  this  condi- 
tion is  sufficient 

(81.)  The  equation  of  the  2nd  degree  with  rational  coefficients  which  is 
satisfied  by  a  given  recurring  continued  fraction  has  its  roots  of  opposite  signs 
if  the  fraction  is  purely  recurring,  and  of  the  same  sign  if  it  is  mixed  and  has 
more  than  one  acyclic  partial  quotient 

(32.)  Investigate  the  relation  between  the  cycles  of  the  partial  and  com- 
plete quotients  of  the  two  continued  fractions  which  represent  the  numerical 
values  of  the  two  roots  of  an  equation  of  the  2nd  degree  with  rational  co- 
efficients. 

Illustrate  with  27aj»  -  97aj  -H  77  =  0. 
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APPLICATIONS  TO  THE   SOLUTION   OF  DIOPHANTINE  PROBLEMS. 

§  10.]  When  an  equation  or  a  system  of  equations  is  in- 
determinate, we  may  limit  the  solution  by  certain  extraneous 
conditions,  and  then  the  indeterminateness  may  become  less  in 
degree  or  may  cease,  or  it  may  even  happen  that  there  is  no 
solution  at  all  of  the  kind  demanded. 

Thus,  for  example,  we  may  require  (I.)  that  the  solution  be 
in  rational  numbers;  (II.)  that  it  be  in  integral  numbers;  or, 
still  more  particularly,  (III.)  that  it  be  in  positive  integral  num- 
bers. Problems  of  this  kind  are  called  Diophantine  Problems, 
in  honour  of  the  Alexandrine  mathematician  Diophantos,  who, 
so  far  as  we  know,  was  the  first  to  systematically  discuss  such 
problems,  and  who  showed  extraordinary  skill  in  solving  them.* 
We  shall  confine  ourselves  here  mainly  to  the  third  class  of 
Diophantine  problems,  where  positive  integral  solutions  are 
required,  and  shall  consider  the  first  and  second  classes  merely 
as  stepping-stones  toward  the  solution  of  the  third.  We  shall 
also  treat  the  subject  merely  in  so  far  as  it  illustrates  the  use  of 
continued  fractions:  its  complete  development  belongs  to  the 
higher  arithmetic,  on  which  it  is  beyond  the  purpose  of  the 
present  work  to  enter.t 

EguoHons  of  the  Ist  Degree  in  Two  Variables. 

§  11.]  Since  we  are  ultimately  concerned  only  with  positive 
integral  solutions,  we  need  only  consider  equations  of  the  form 
ax±bi/  =  c,  where  a^  ft,  c  are  positive  integers.  We  shall  suppose 
that  any  factor   common   to  the   three   coefficients  has  been 

♦  See  Heath's  DwpharUos  of  Alexandria  (Camb.  1886). 

t  The  reader  who  wishes  to  pursue  the  study  of  the  higher  arithmetic 
should  first  read  the  late  Heury  Smith's  series  of  Reports  on  the  Theory  of 
Numbers,  published  in  the  Annual  Reports  of  the  British  Association  (1859- 
60-61-62);  then  Legendre,  ThiorU  des  Nombres;  Dirichlet's  Forlesungen 
iiher  Zdhleniheorie,  ed.  by  Dedekind ;  and  finally  Gauss's  Disqudntiones  AHth- 
metica.  He  will  then  be  in  a  position  to  master  the  various  special  memoirs 
in  which  Jacob!,  Hermite,  Eummer,  Henry  Smith,  and  others  have  developed 
this  great  branch  of  pure  mathematics. 
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removed.  We  may  obviously  confine  ourselves  to  the  cases 
where  a  is  prime  to  h ;  for,  if  z  and  y  be  integers,  any  factor 
common  to  a  and  h  must  be  a  factor  in  c  In  other  words,  if  a 
be  not  prime  to  5,  the  equation  ax±by  =  c  has  no  integral  solution. 

§  12.]  To  find  aM  the  integral  solutions  of  ax-hy  =  c ;  and  to 
separate  the  positive  integral  solutions. 

We  can  always  find  a  particular  integral  solution  of 

ax-hy-c  (1). 

For,  since  a  is  prime  to  6,  if  we  convert  ajh  into  a  continued 
fraction,  its  last  convergent  will  be  a/6.  Let  the  penultimate 
convergent  be  ^/j,  then,  by  chap,  xxxii.,  §  8, 

aq-pbr^  ±1  '  (2). 

Therefore 

a{±cq)-b{±q))  =  c  (3). 

Hence 

x'=±cq,     i/=±cp  (4) 

is  a  particular  integral  solution  of  (1). 

Next)  let  {x,  y)  be  any  integral  solution  of  (1)  whatever. 
Then  from  (1)  and  (3)  by  subtraction  we  derive 

a{x-(±c^)}-%-(±cp)}  =  0. 
Therefore 

{^-{^cq)}l{y-(±qp)}=lla  (5). 

Since  a  is  prime  to  ft,  it  follows  from  (5),  by  chap,  iii.,  Exercises 
IV.,  1,  that 

x-{±cq)  =  ht,     y-{±q>)  =  at, 

where  t  is  zero  or  some  integer  positive  or  negative.  Hence 
every  integral  solution  of  (1)  is  included  in 

x=  ±cq  +  bt^     y=  ±ap-{-at  (6), 

where  the  upper  or  lower  sign  must  be  taken  according  as  the 
upper  or  lower  sign  is  to  be  taken  in  (2). 

Finally,  let  us  discuss  the  number  of  possible  integral  solu- 
tions, and  separate  those  which  are  positive. 

1*.  If  a/b>p/qi  then  the  upper  sign  must  be  taken  in  (2), 

and  we  have 

x  =  cq  +  btj    y  =  cp  +  at  (6'). 
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There  are  obviously  an  infinity  of  integral  solutions.  To  get 
positive  values  for  x  and  y  we  must  (since  cp/a  <  cq/b)  give  to  t 
values  such  that  -  cpja^t^  +  oo .  There  are,  therefore,  an  in- 
finite number  of  positive  integral  solutions. 

2®.  If  ajh  <plqy  so  that  cp/a  >  cq/b,  we  must  write 

x=  -cq  +  bt,     y=  -cp  +  ai  (6*). 

All  our  conclusions  remain  as  before,  except  that  for  positive 
solutions  we  must  have  cpja^t^  +  oo . 

We  see,  therefore,  that  ax-by  =  c  has  in  all  cases  an  infinite 
number  of  positive  integral  solutions. 

§  13.]  To  find  ail  the  integral  solutions  of 

ax  +  by  =  c  (7), 

and  to  sepa/raJte  the  positive  integral  solutions. 

We  can  always  find  an  integral  solution  of  (7) ;  for,  if  p  and 
q  have  the  same  meaning  as  in  last  paragraph,  we  have 

{±cq)a-^{^cp)b^c  (8), 

that  i8,fl/=  ±c^,  y'=  ^Fcpisa  particular  integral  solution  of  (7). 

By  exactly  the  same  reasoning  as  before,  we  show  that  all 
the  integral  solutions  of  (7)  are  given  by 

x=  ±cq-bt,     y=^cp  +  ai  (9); 

so   that  there  are  in  this   case   also   an  infinity  of  integral 
solutions. 

To  get  the  positive  integral  solutions : — 

1®.  Let  us  suppose  that  a/b>p/qf  so  that  cp/a  <  cq/b.  Then 
the  general  solution  is 

x  =  cq-'bt^     y=  -cp  +  at  (9'). 

Hence  for  positive   integral  solutions  we  must  have  cp/a^t 
>cq/b. 

2^  Let  us  suppose  that  a/b <p/qy  so  that  ep/a>cq/by  then 
x=  -cq-bty     y  =  cp  +  at  (9"). 

Hence  for  positive  integral  solutions  we  must  have'<^/a:t>^ 
>-cq/h. 
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In  both  these  cases  the  number  of  positive  integral  solutions 
is  limited.  In  fact^  the  number  of  such  solutions  cannot  exceed 
1  +  mod  {cq/b  -  cp/a) ;  that  is,  since  mod  {aq  -pb)  =  1,  the  number 
of  positive  integral  solutions  of  the  eguatian  ax  +  by  =  c  cannot  exceed 
1  +  c/ab. 

Example  1.  To  find  all  the  integral  and  all  the  positiye  integral  aolationa 
of  8aj+18y=169. 
We  have 

8^1      1      1      11 
18    1+1+1  +  1+2' 

The  penultimate  convergent  is  3/5  }  and  we  have 

8x6-13x3  =  1, 
8(795) +  13(- 477)  =  159. 

Hence  a  particular  solution  of  the  given  equation  is  9^=795,  y'=  -  477  ;  atid 
the  general  solution  is 

aj=795-18<,     y=-m  +  St. 

For  positive  integral  solutions  we  must  have  795/13  ^^'4477/8,  that  is, 
61^<t<69l.  The  only  admissible  values  of  t  are  therefore  60  and  61 ; 
these  give  a;=15,  y=S,  and  x=2,  y=ll,  which  are  the  only  positive  integral 
solutions. 

Example  2.  Find  all  the  positive  integral  solutions  of  8x+2y+32;=8. 

We  may  write  this  equation  in  the  form 

825+2y=8-8a, 

rom  which  it  appears  that  those  solutions  alone  are  admissible  for  which 
2=0,  1,  or  2. 

The  general  integral  solution  of  the  given  equation  is  obviously 

x=:S-Sz-%    y=-S  +  9z+Bt, 

In  order  to  obtain  positive  values  for  x  and  y,  we  must  give  to  t  integral 

values  lying  between  +4-fiS  and  +2}-z.  The  admissible  values  of  t  are 

3  and  4,  when  2=0 ;  2,  when  2=1 ;  and  1,  when  2=2.  Hence  the  only 
positive  integral  solutions  are 

«=2,    0,     1,  0; 

y=l,     4,     1,  1; 

2=0,     0,     1,  2. 

In  a  similar  way  we  may  treat  any  single  equation  involving  more  than 
two  variables. 

§  14.]  Any  system  of  equations  in  which  the  number  of 
variables  exceeds  the  number  of  equations  may  be  treated  by 
methods  which  depend  ultimately  on  what  has  been  already 
done. 
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Consider,  for  example,  the  system 

ax  +  by-\-cz  =  d  (1), 

a'x  +  h'y  +  c'z  =  d'  (2), 

where  a,  ft,  c,  d,  a\  &c.  denote  any  integers  positive  or  negative. 
This  system  is  equivalent  to  the  following : — 

-{ca')x^{hc')y={dc')  (3), 

ax  +  by-¥cz  =  d  (4), 

where  (ca')  stands  for  ca'  -  c'a,  &c. 

Let  8  be  the  G.C.M.  of  the  integers  (oc'),  {he').  Then,  if  8 
be  not  a  factor  in  {dc')^  (3)  has  no  integral  solution,  and  conse- 
quently the  system  (1)  and  (2)  has  no  integral  solution. 

If,  however,  8  be  a  factor  in  (e^'),  then  (3)  will  have  integral 
solutions  the  general  form  of  which  is 

x  =  x"  +  {hcyi8,    y  =  f  +  (cay/8  (5), 

where  («",  y)  is  any  particular  integral  solution  of  (3),  and  t  is 
any  integer  whatever. 

If  we  use  (5)  in  (4),  we  reduce  (4)  to 

cz  -  c{ah')il8  ^d-aar-htf  (6), 

where  c{ab')/8  is  obviously  integral. 

In  order  that  the  system  (1),  (2)  may  be  soluble  in  integers, 
(6)  must  have  an  integral  solution.  Let  any  particular  solution 
of  (6)  be  «  =  /,<  =  ^'.     Then 

z-z'  _(ab') 
i-t'"    8   ' 
Hence,  if  e  be  the  G.C.M.  of  (cA')  and  S,  that  is,  the  G.C.M. 
of  (be'),  {ca%  {ab'\  then 

z  =  ^ +  {ah')ul€y     t  =  t'  +  &u/€  (7), 

where  u  is  any  integer. 

From  (5)  and  (7)  we  now  have 

x^oi  -^  {bd)ftij^^     3^  =  2^  +  {ca')ult,     z=^z'  -^  {ab')u/€     (8), 
where  a/  =  a;"  +  (fe'X/8,     y'  =  y"  +  {cay  18. 

If  in  (8)  we  put  tt  =  0,  we  get  x  =  xf,  y  =  y',  z  =  sf ;  therefore 

(^9  t/y  ^)  is  a  particular  integral  solution  of  the  system  (1),  (2). 

A  little  consideration  will  show  that  we  might  replace  («',  y',  z') 

by  any  particular  integral  solution  whatever.     Hence  (8)  gives  all 
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the  iniegrol  solutions  of  (1),  (2),  {x\  y',  sf)  being  any  particular 
integral  solution,  c  the  G.C.M,  of  {hc'\  {ca'),  (ab'),  and  u  any  integer 
wluUever, 

The  positive  integral  solutions  can  be  found  by  properly 
limiting  u. 

Example. 

3a;+4y+272=34,     3a;+6y  +  21z=29. 

Here  (6c')  =-61,  (ca')  =  18,  (ad')  =  3.     Hence  c=3;  a  particular  integral 
solution  is  (1,  1,  1) ;  and  we  have  for  the  general  integral  solution 
«=l-17w,     y=l  +  6i^,    2=l+w. 
The  only  positive  integral  solution  iflaj=l,y=l,2=l. 

Equations  of  the  2nd  Degree  in  Two  Variables. 

§  15.]  It  follows  from  §  7  (4)  that,  ii  Pn/^n  be  the  nth  con- 
vergent and  M„  the  (n  +  l)th  rational  divisor  belonging  to  the 
development  of  >/(C/D)  as  a  simple  periodic  continued  fraction, 
then 

Bpn'-Cqn'^i-rMr,  (1). 

Hence  the  equcdion  Ikf  -  C/  =  +  H,  where  C,  D,  H  are  posUive 
integers^  and  C/D  is  not  a  perfect  square,  admits  of  an  infinite 
number  of  integral  solutions  provided  its  right-hand  side  occurs  among 
tlie  quantities  ( -  )'*Mn  belonging  to  the  simple  continued  fraction 
which  represents  *J{CfD) ;  and  the  same  is  true  of  the  equation 
D/-C/=  -H. 

The  most  important  case  of  this  proposition  arises  when  we 
suppose  D  =  1.     We  thus  get  the  following  result : — 

The  equation  x'  -  0/  =  ±  H,  where  C  and  H  are  positive  integers, 
and  G  is  not  a  perfect  square,  admits  of  an  infinite  number  of 
integral  solutions  provided  its  nght-hand  side  occurs  among  the 
quantities  ( -  )~Mn  belonging  to  the  development  of  \/C  as  a  simple 
continued  fraction. 

Cor.  1.  The  equation  a^  -  C/  =  1,  where  C  is  positive  and  not  a 
pel  feet  square,  always  admits  of  an  infinite  number  of  solutions.* 

*  By  what  seems  to  be  a  historical  misnomer,  this  equation  is  commonly 
spoken  of  as  the  Pellian  Equation.  It  was  originally  proposed  by  Fermat 
as  a  challenge  to  the  English  mathematicians.     Solutions  were  obtained  by 
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For,  if  the  number  of  quotients  in  the  period  of  ^/G  be 
even,  =  2s  say,  then  (  -  )^M„  will  be  +  1  (since  here  M  =  +1). 
Therefore  we  have 

where  t  is  any  positive  integer;  that  is  to  say,  we  have  the 
system  of  solutions 

«=i>rt*,     y  =  q2t8  (A), 

for  the  equation  ic"  -  C^  =  1. 

If  the  number  of  quotients  in  the  period  be  odd,  =  2s  -  1  say, 

then(-)2-iM^.,^viUbe-l,but(-)*'-2M«_„(-)8«-4M8..4,  •  •  • 
will  each  be  +  1.     Hence  we  shall  have  the  system  of  solutions 

« =F4tt-it9     y  =  ^iu-it  (B), 

for  the  equation  a:^  -  C/  =1. 

Cor.  2.  The  equation  of  -  0/  =  -  1  admits  of  an  infinite  immher 
of  integral  solutions  provided  there  he  an  odd  number  of  quotients  in 
the  period  of  >/C. 

§  16.]  In  dealing  with  the  equation 

^-Qf^±Yi  (1) 

we  may  always  confine  ourselves  to  what  are  called  primitive 
solutions,  that  is,  those  for  which  x  is  prime  to  y.  For,  if  z  and  y 
have  a  common  factor  6,  then  6^  must  be  a  factor  in  H,  and  we 
could  reduce  (1)  to  a;"-Cy''=  ±H/^'.  In  this  way,  we  could 
make  the  complete  solution  of  (1)  depend  on  the  primitive 
solutions  of  as  many  equations  like  x'^  -  Cy"  =  ±  H/^'  as  H  has 
square  divisors. 

We  shall  therefore,  in  all  that  follows,  suppose  that  x  is 
prime  to  y,  from  which  it  results  that  x  and  y  are  prime  to  H. 

With  this  understanding,  we  can  prove  the  following  im- 
portant theorem : — 

i/"  H<  \/C,  aU  the  solutions  of  (1)  are  furnished  by  the  con- 
vergerUs  to  >/C  according  to  the  method  of  §  15. 

This  amounts  to  proving  that,  ii  x  =  p,  y  =  qhe  any  primitive 
integral  solution  of  (1),  ihenp/q  is  a  convergent  to  \/C. 

Brouncker  and  Wallis.  The  complete  theory,  of  which  the  solution  of  this 
equation  is  merely  a  part,  was  given  by  Lagrange  in  a  series  of  memoirs  which 
form  a  landmark  in  the  theory  of  numbers.  See  especially  (Euvres^  t  ii, 
p.  377. 
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Now  we  have,  if  the  upper  sign  be  taken, 
/-(Y  =  H. 
Hence  pjq-  v'C  =  H/}(p+  \/Cj), 

<VC/}(p+  s/Cq), 
<W(y/3VC+l)  (2). 

Now  jpjq  -  s/C  is  positive,  therefore  p/q  s/G  >  1.     Hence 

p/q-  VC<l/2^  (3). 

It  follows,  therefore,  hy  chap.  xxxiL,  §  9,  Cor.  4,  that  p/q  is 
one  of  the  convergents  to  >/C. 

If  the  lower  sign  be  taken,  we  have 
g'-(l/C)p'  =  H/C, 
where  H/C<\/(l/C).     We  can  therefore  prove,  as  before,  that 
q/p  is  one  of  the  convergents  to  \/(l/C),  from  which  it  follows 
that  p/q  is  one  of  the  convergents  to  \/C. 
Cor.  1.  All  the  solutions  of 

7?-G^^\  (4) 

are  furnished  hy  the  penultimate  convergents  in  the  successive  or 
dltemate  periods  of  \/C. 

Cor.  2.  If  the  number  of  quMients  in  the  period  of  \/C  he  even, 
the  equation  ^  _  q^  =  -  l  (5) 

Aa5  7M>  integral  solution.  If  the  number  of  quotients  in  the'  period 
he  odd,  all  the  integral  solutionis  are  fumisJied  hy  the  penultimate 
convergents  in  the  alternate  periods  of  >/C. 

§  17.]  We  have  seen  that  all  the  integral  solutions  of  the 
equation  (4)  are  derivable  from  the  convergents  to  JC ;  it  is 
easy  to  give  a  general  expression  for  all  the  solutions  in  terms 
of  the  first  one,  say  (p,  q).     If  we  put 


x  +  y^C  =  {p  +  q,/Cr\  ^^y^ 


x-y^C  =  {p-q^fG)'' 
we  have 

x'-Ci^  =  (y-CqY=l, 

Hence  (6)  gives  a  solution  of  (4). 

In  like  manner,  if  n  be  any  integer,  and  (p,  q)  the  first 
solution  of  (5),  a  more  general  solution  is  given  by 

x  +  ys/C  =  {p  +  q^/C)^'^\  ^^^^ 


x-yslC  =  (p-q'jG)^- 
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(8) 


Finally,  if  (p,  q)  be  the  first  solution  of  (1),  we  may  express 
all  the  solutions  derivable  therefrom*  by  means  of  the  general 
solution  (6)  of  the  equation  (4).  For,  if  (r,  s)  be  any  solution 
whatever  of  (4),  we  have 

(y-(Y)(/-C.-)=±H, 

{pr±Gq8y-C{ps±2ry=  ±H. 
Therefore 

y=ps±i 
is  a  solution  of  (1). 

The  formulsB  (6),  (7),  (8)  may  be  established  by  means  of  the 
relations  which  connect  the  convergents  of  fJC  (see  Exercises 
XXXL,  25,  and  Serret,  Jig.  Sup.,  §  27  et  seq.).  This  method  of 
demonstration,  although  more  tedious,  is  much  more  satisfactory, 
because,  taken  in  conjunction  with  what  we  have  established 
in  §  16,  it  shows  that  (6),  (7),  and  (8)  contain  all  the  solutions 
in  question. 

Example  1.  Find  the  integral  solutions  of  as'-  18y^=l. 

If  we  refer  to  chap,  zxxii.,  §  6,  we  find  the  following  table  of  values 
for  VIS  J— 


-.Gqs] 
.qr    ] 


n 

On 

Pn 

?n 

M« 

1 
2 

8_ 

3 

4 

1 
1 

4 

3 

7 

2 

3 

4 

11 

8 

4 

5 

18 

5 

•1 

•  6 

7 

119 
137 

88 
88 

4 
8 

8 

256 

71 

8 

9 

398 

109 

4 

10 

649 

180 

1 

11 

6 

4287 

1189 

4 

Hence  the  smallest  solution  of  2*  - 13^= 1  is  x= 649,  y = 180.  We  have, 
in  fact, 

649«- 18.180«=421201  -  421200=1. 

*  It  must  not  be  forgotten  that  there  may  be  more  than  one  solution  in 
the  first  period.  For  every  such  primary  solution  there  will  be  a  general 
group  like  (8). 
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From  (6)  above,  we  see  that  the  general  solution  is  given  by 
a5=J{(649  +  180Vl3)'»+(649-180V18)"}, 
y=4{(649  +  180Vl3)"-(649-180V18)"}/V13» 
where  n  is  any  positive  integer. 

In  particular^  taking  n=2,  we  get  the  solution 
a:=649«  +  13.180«=842401, 
y=      2.649.180=233640. 
Example  2.  Find  the  integral  solutions  of  a?  -  18y*=  -  1. 
The  primary  solution  is  given  by  the  5th  convergent  to  \/13,  as  may  be 
seen  by  the  table  given  in  last  example. 
The  general  solution  is,  by  (7), 

a;=^{(18  +  6V13)*-*  +  (18-5Vl8)»-i}, 

y  =  2:^l-3{(18  +  6V18)^-^-(18-5Vl3)^-'}, 

when  n  is  any  positive  integer. 

Example  3.  Find  all  the  integral  solutions  of  a^  -  13y'=3. 

Thq  primary  solution  is  a; =4,  ^=1,  as  may  be  seen  from  the  table  above. 

The  general  solution  is  therefore,  by  (8), 

a;=4r±135,     y=45±r, 

where  (r,  »)  is  any  solution  whatever  of  a^  - 13^*= 1. 

In  particular,  taking  7'=649  and  5=180,  we  get  the  two  solutions,  a; =256, 
y=71,  and  a;=4986,  2/  =  1369. 

§  18.]  Let  US  next  consider  the  equation 

flj»-Cy»=±H  (9), 

where  C  is  positive  and  not  a  perfect  square,  and  H  is  positive 
but  >  ^/G. 

We  propose  to  show  that  the  solution  of  (9)  can  always  be 
made  to  depend  on  the  solution  of  an  equation  of  the  same  form 
in  which  H<\/G;  that  is,  upon  the  case  already  completely 
solved  in  §§  15-17. 

Let  («,  y)  be  any  primitive  solution  of  (9),  so  that  x  is  prime 
to  y.     Then  we  can  always  determine  (x^,  yx)  so  that 

^yi-y^x=  ±1  (10)* 

In  fact,  if  pjq  be  the  penultimate  convergent  to  xfy  when  con- 
verted into  a  simple  continued  fraction,  we  have,  by  §  12, 

x,  =  tx±p,     y,  =  ty±q  (11). 

*  There  is  no  connection  between  the  double  signs  here  and  in  (9). 
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If  we  multiply  both  sides  of  (9)  by  x^  -  Cy',  and  rearrange 
the  left-hand  side,  we  get 

{XX,  -  Cyy,y  -  C{xy,  -  yx,)'  =  ±  E{x,'  -  Cy,"). 
This  gives,  by  (10), 

{XX,  -  Cyy.y  -  C  =  ±  U{x,'  -  Cy,')  (12). 

Now 

XX,  -  Cyy,  =  i{x'  -  Gf)  ±  {xp  -  Cyq)  (13). 

But  we  may  put  xp  -  Cyq  =  SH  ±  K,,  where  K^  ::f>  JH.     Hence 
xx,-Cyy,  =  {t±S)ll±{±  K,)  (14). 

Now  /  and  the  double  sign  in  (13)  are  both  at  our  disposal ; 
and  we  may  obviously  so  choose  them  that 

xx,-Cyy,  =  K,  (15), 

where 

K,>JH.  (16). 

We  therefore  have,  from  (12), 

K,'-.C=  ±U{x,'-Gy,')  (17). 

Now,  by  hypothesis,  \/C  <  H,  therefore  C  <  H*  and  K,*  ~  C 
<H'. 

Since  {x,,  yj  are  integers,  it  follows  from  (17)  that,  if  (9) 
have  an  integral  solution,  then  it  must  be  possible  to  find  an 
integer  Kil^  JH  such  that 

(K,--C)/H  =  H,  (18), 

where  H^  is  some  integer  which  is  less  than  H*/H,  that  is,  <  H. 

If  no  value  of  K,  <  JH  can  be  found  to  make  (Kj'  -  C)/H 
integral  (and,  be  it  observed,  we  have  only  a  limited  number  of 
possible  values  to  try,  since  KiIi^^H),  then  the  equation  (9)  has 
no  integral  solution. 

Let  us  suppose  that  one  or  more  such  values  of  E^,  say  E^, 
E/,  E,'',  •  .  .,  caw  be  found,  and  let  the  corresponding  values  of 
Hj  be  H,,  H/,  H,',  .  .  .  Then  it  follows  from  our  analysis  that 
for  every  integral  solution  of  (9)  we  must  be  able  to  find  an 
integral  solution  of  one  of  the  limited  group  of  equations 
x,'-Cy,'=  ±H,  >^ 
x,'-Cy,'=  ±H/ 


(19), 


where  H„  If/,  H/',  ...  are  all  less  than  H. 
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If  it  also  happens  that  in  all  the  equations  (19)  the  numerical 
value  of  the  right-hand  side  is  <  y/G,  then  these  equations  can 
all  be  completely  solved,  as  already  explained. 

If  («!,  yi)  be  a  solution  of  any  one  of  them,  we  see,  by  (10) 
and  (15),  that 

x  =  {K,x,^Gy,)/U,,     y  =  {K,y,TX,)/U,  (20), 

or  x  =  {K:x,^Cy,)/E,\     y  =  (K/y,  :f  :^.)/H/, 


If  in  any  of  the  equations  (19),  say,  for  instance,  in  the  first, 
the  condition  Hi<iv/C  is  not  yet  fulfilled,  we  can  repeat  the 
above  transformation,  and  deduce  from  it  a  new  system, 

a;,'-Cy.'=±H.) 
z,'-Cy,'=±K,'y  (21). 


where  H,  and  H,'  are  each  less  than  H, ;  and  we  have 

X,  =  {K,z,  T  Cy,)/H„     y,  =  (K,y,  t  aii)/H,  ) 

a:,  =  (K,'a!iTCy.)/H.',     y.  =  (K.'y,  ?  x.)/H.' V       (22). 


Since  the  H's  are  all  integers,  the  chain  of  successive  operations 
thus  indicated  must  finally  come  to  an  end  in  every  branch. 

Thus  we  see  that  any  integral  solution  of  (9)  must  be  dedueible 
from  the  solution  of  one  or  other  of  a  finite  group  of  equations  of 
the  type 

a^-(y  =  H„<»»)  (23), 

where  Bn^'^^<^/G. 

The  practical  method  of  solution  thus  suggested  is  as 
follows : — 

Find  all  the  integral  values  of  K,  <  JH  for  which  (K,"  -  C)/H 
is  an  integer.  Take  any  one  of  these,  say  K| ;  and  let  Hj  be 
the  corresponding  value  of  (Kj*  -  C)/H.  Then,  if  Hj  <  JC,  solve 
the  equation  x'  -  Cy'  =  ±  H^  generally ;  take  the  formula  (20) ; 
and  find  which  of  the  solutions  {x^,  y,),  if  any,  make  {x,  y)  integral. 
We  thus  get  a  group  of  solutions  of  (9).  If  Hj  >  VC,  then  we 
find  all  the  values  of  K.  <  ^Hj  for  which  (K,*  -  C)/Hi  is  integral. 
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=  Hg  say,  and,  if  H,  <  \/C,  solve  the  equation  a-,'  -  Gy^  =  ±  H, ; 
then  pass  back  to  x  through  the  two  transformations  (20) 
and  (22) ;  and,  finally,  select  the  integral  values  of  x  and  y  thus 
resulting,  if  there  be  any. 

By  proceeding  in  this  way  until  each  branch  and  twig,  as  it 
were,  of  the  solution  is  traced  to  its  end,  we  shall  get  all  the 
possible  integral  solutions  of  (9),  or  else  satisfy  ourselves  that 
there  are  none. 

The  straightforward  application  of  these  principles  is  illus- 
trated in  the  following  example.  Into  the  various  devices  for 
shortening  the  labour  of  calculation  we  cannot  enter  here. 

Example.  Find  the  integral  solutions  of 

aj«-15y2=61  (9'). 

Let  (Ki«-16)/61  =  Hi  (18'), 

where  Ki1>  80. 

Then  Ki«=15  +  6lHi. 

Since  Ei^>900,  we  have  merely  to  select  the  perfect  squares  among  the 
numbers  15,  76,  137,  198,  259,  820, 881,  442,  508,  564,  625,  686,  747,  808,  869. 
The  only  one  is  625,  corresponding  to  which  we  have  Ki=:25  and  Hi =10. 

Since  H^^-^Jlft,  we  must  repeat  the  process,  and  put 

(Ka«-16)/10=Ha  (18"), 

where  Ks>>5,  and  therefore  Ka^>25. 

Since  K3'=15  +  10Hj,  the  only  values  of  Kj'  to  be  examined  here  are  5, 
15,  25.  Of  these  the  last  only  is  suitable,  corresponding  to  which  we  have 
Ka=5,  H2=l. 

We  have  now  arrived  at  the  equation 

a5aa-l5y,«=l  (21'), 

the  first  solution  of  which  is  easily  seen  to  be  (4,  1).  Hence  the  general 
solution  of  (21')  is 

1  \  (24). 

2'«=2:7i5^(*+^^^^-(*-ViWJ 

The  general  solution  of  (9')  is  connected  with  this  by  the  relations 

aJi  =  (5a^:fl5y2)/l,        yi=(5yj:f  Jii)/1  (22'); 

a;=(26a;i=Fl5yi)/10,     y={21^i^Xi)ll(i  (20'). 

Hence 

a;=14a5i:F45ya,  y=^^x^+Uy^  (25), 

where  aja  and  ya  are  given  by  (24).  The  question  regarding  the  integrality  of 
X  and  y  does  not  arise  in  this  case. 

As  a  verification  put  aja=4,  ya=l,  and  we  get  the  solutions  (11,  2)  and 
(101,  26)  for  (9'),  which  are  correct. 
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§  19.]  There  remain   two   cases  of  the  binomial  equation 
of  -  Cy*  =  ±  H  which  are  not  covered  by  the  above  analysis — 
a:'-Cy"=±H  (26), 

where  C  is  a  perfect  square,  say  C  =  R* ;  and 

a:'  +  C/=+H  (27). 

The  equation  (26)  may  be  written 

{x  -  Ry)  (x  +  Ry)  =  i  H. 
Hence  we  must  have 

^-Jy=n  (28), 

where  u  and  v  are  any  pair  of  complementary  factors  of  ±  H. 
We  have  therefore  simply  to  solve  every  such  pair  as  (28),  and 
select  the  integral  solutions.  The  number  of  such  solutions  is 
clearly  limited,  and  there  may  be  none. 

In  the  case  of  equation  (27)  also  the  number  of  solutions  is 
obviously  limited,  since  each  of  the  two  terms  on  the  left  is 
positive,  and  their  sum  cannot  exceed  H.  The  simplest  method 
of  solution  is  to  give  y  all  integral  values  4>  V(H/C),  and 
examine  which  of  these,  if  any,  render  H  -  Cy"  a  perfect  square. 

§  20.]  In  conclusion,  we  shaU  briefly  indicate  how  the  solu- 
tion of  the  general  equation  of  the  2nd  degree, 

wjf  +  2A«y  +  Jy*  +  2^a;  +  2/y  +  c  =  0  (29), 

can  be  made  to  depend  on  the  solution  of  a  binomial  equation. 

By  a  slight  modification  of  the  analysis  of  chap,  vii.,  §  13, 
the  reader  will  easily  verify  that,  provided  a  and  6  be  not  both 
zero,  and  c  be  not  zero,  (29)  may  be  thrown  into  one  or  other 
of  the  forms 

(Cy  +  F)'-C(aa;  +  Ay  +  ^)"=  -aA  (30); 

or  (Cic  +  Gf-C{hx  +  hy+ff=-  5A  (31), 

where  A  =  oftc  +  2fgh  -  a/*  -  V  -  cA",  C  =  A'  -  ah,  F  =  gh-  af, 
G  =  hf-bg;  say  into  the  form  (30).     If,  then,  we  put 

?"^  =  ^}  (32). 
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(30)  redaces  to 

^-Crf=  -aA  (33), 

which  is  a  binomial  form,  and  may  be  treated  by  the  methods 
already  explained. 

If  h'>aby  then  C  is  positive,  and,  provided  C  be  not  a  perfect 
square,  we  fall  upon  cases  (1)  or  (9). 

If  0  be  a  positive  and  a  perfect  square,  we  have  case  (26). 

It  should  be  noticed  that,  if  either  a  =  0  or  5  =  0,  or  both 
a  =  0  and  5  =  0,  we  get  the  leading  peculiarity  of  this  case,  which 
is  that  the  left-hand  side  of  the  equation  breaks  up  into  rational 
factors  (see  Example  2  below). 

If  A*  <  ab,  then  C  is  negative,  and  we  have  case  (27). 

If  A*  =  a6,  then  C  =  0,  and  the  equation  (29)  may  be  written 
{ax  +  hy)'  +  2agx  +  2afy  +  ac  =  0  (34), 

which  can  in  general  by  an  obvious  transformation  be  made  to 
depend  upon  the  equation 

V=Q^  (35), 

which  can  easily  be  solved. 

Example  1.  Find  all  the  positive  integral  solutions  of 

3ar»  -  8scy  +  72r*  -  4a;  +  2y = 109. 
This  equation  may  be  written 

(3a;-4y-2)2+6(y-l)»=836, 
say  ^2+5^=885^ 

Here  we  have  merely  to  try  all  values  of  rf  from  0  to  8,  and  find  which  of 
them  makes  886  -5rp  a  perfect  square.    We  thus  find 
€=±16,     i,=  ±4; 
f=±4,       i7=±8. 
Hence 

3a:-4y-2=±16,     y-l  =  ±A  (1); 

3a;-4y-2=±4,       y-l  =  ±8  (2). 

It  is  at  once  obvious  that  in  order  to  get  positive  values  of  y  the  upper 
sign  must  he  taken  in  the  second  equation  in  each  case.  Hence  y=5  or 
y=9.  To  get  corresponding  positive  integral  values  of  a;,  we  must  take  the 
lower  sign  in  the  first  of  (1),  and  the  upper  sign  in  the  first  of  (2).  Hence 
the  only  positive  integral  solutions  are 

x=2,    y=5,    anda;=14,    y=9. 
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Example  2.  Find  the  positive  integral  solutions  of 

8a^  +  2y2-4a:-3y=12. 
This  is  a  case  where  the  terms  of  the  2n(l  degree  break  up  into  two  rational 
factors.     We  may  put  the  equation  into  the  form 
(9;B  +  6y-l)(3y-4)  =  112. 

Since  3^-4  is  obviously  less  than  9a;+6y-l  when  both  x  and  y  are 
positive,  dy-i  must  be  equal  to  a  minor  factor  of  112,  that  is,  to  1,  2,  4,  7, 
or  8  ;  the  second  and  the  last  of  these  alone  give  integral  values  for  y,  namely, 
y=2  and  y=4.  To  get  the  corresponding  values  of  x,  we  have  9a;  +  6y-  1 
=  56  and  9a;+6y-l  =  14,  that  is  to  say,  9a; =46  and  9x=  -9.  Hence  the 
only  positive  integral  solution  is  a;=5,  y=2. 

Example  3.  Find  all  the  integral  solutions  of 

9a;' -  12icy  +  4y«  +  3x  +  2y  =  12. 

Here  the  terms  of  the  2nd  degree  form  a  complete  square,  and  we  may 
write  the  equation  thus — 

(3a;  -  2y)« + (3a;  -  2y)  +  4y  =  12, 
or  4(3a;-2y)»  +  4(3a;-2y)  +  l  +  16y=49; 

that  is,  (6a;-  4y +  1)2=49  -  16y. 

Hence,  if 

U=6a;-4y  +  l  (1), 

so  that  u  is  certainly  integral,  we  must  have 

y=(49-w2)/16  (2). 

Now  we  may  put  u=16fi±s,  where  s  is  a  positive  integer  >  8. 
It  then  appears  that  y  will  not  be  integral  unless  (49-«')/16  be  integral. 
The  only  value  of  s  for  which  this  happens  is  «= 1.    Therefore 

u=lQfJL±l  (3). 

Hence,  by  (1),  (2),  and  (3),  we  must  have 

a;=  2  +  4/[i(l  -  8/*)/8,      y = 3  -  2^*  -  16At*  (4), 

or 

a;=4M+(5-32/ti2)/3,     y=3  +  2;*-16/*«  (5). 

It  remains  to  determine  fi  so  that  x  shall  be  integral. 
Taking  (4),  we  see  that  At(l  -  8/*)/3  will  be  integral  when  and  only  when 
At=8v  or  fi=3v-l. 

Using  these  forms  for  /a,  we  get 

a;=2  +  4i'-96i^,  y=8-6i'-144i'>  (6); 

a;=-10  +  68v-96i'2,.    y= -ll  +  90i'-144y*  (7). 

Taking  (5),  we  find  that  (5-32fi')/3  is  integral  when  and  only  when 
/i=8v  +  l  or  Ai=3i'-1. 

Using  these  forms,  we  get  from  (5) 

a;=-6-52v-96i'2,      y= -ll-90i'-144ir>  (8); 

a;=- 13  +  761'- 96i'»,    y= -16  +  102j'-144i'>  (9). 

The  formula  (6),  (7),  (8),  (9),  wherein  v  may  have  any  integral  value, 
positive  or  negative,  contain  all  the  integral  solutions  of  the  given  equation. 
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EXEBCISES  XXXII. 
Find  all  the  integral  and  also  all  the  positive  integral  solutions  of  the 
following  equations : — 

(1.)  5x+7y=29,  (2.)  16aj-17y=27. 

(3.)  lla;+7y=1103.  (4.)  1367a; -1018y= 16246. 

(5.)  If  £x,  ys,  be  double  £y,  a».,  find  x  and  y, 

(6.)  Find  the  greatest  integer  which  can  be  formed  in  nine  different 
ways  and  no  more,  by  adding  together  a  positive  integral  multiple  of  5  and  a 
positive  integral  multiple  of  7. 

(7.)  In  how  many  ways  can  £2 :  16  : 6  be  paid  in  half-crowns  and  florins  ? 
(8.)  A  has  200  shilling-coins,  and  B  200  franc-coins.    In  how  many  ways 
can  A  pay  to  B  a  debt  of  48.  ? 

(9. )  4  apples  cost  the  same  as  5  plums,  3  pears  the  same  as  7  apples,  8 
apricots  the  same  as  15  pears,  and  5  apples  cost  twopence.  How  can  I  buy 
the  same  number  of  each  fruit  so  as  to  spend  an  exact  number  of  pence  and 
spend  the  least  possible  sum  ? 

(10.)  A  woman  has  more  than  5  dozen  and  less  than  6  dozen  of  eggs  in 
her  basket.  If  she  counts  them  by  fours  there  is  one  over,  if  by  fives  there 
are  four  over.     How  many  eggs  has  she  ? 

(11.)  A  woman  counted  her  eggs  by  threes  and  found  that  there  were  two 
over ;  and  again  by  sizes  and  found  there  were  three  over.  Show  that  she 
made  a  mistake. 

(12.)  Find  the  least  number  which  has  3  for  remainder  when  divided  by 
8,  and  5  for  remainder  when  divided  by  7. 

(13.)  Find  the  least  number  which,  when  divided  by  28, 19,  16  respect- 
ively! gives  the  remainders  16,  12,  10  respectively. 

(14.)  In  how  many  ways  can  £2  be  paid  in  half-crowns,  shillings,  and 
sixpences  ? 

(16.)  A  bookcase  which  will  hold  260  volumes  is  to  be  filled  with  3-volumed 
novels,  6-volumed  poems,  12-volumed  histories.  In  how  many  ways  can  this 
be  done  ?  If  novels  cost  10s.  6d.  per  volume,  poems  7s.  6d.,  and  histories  6s., 
show  that  the  cheapest  way  of  doing  it  will  cost  £129,  16s. 

Solve  the  following  systems,  and-  find  the  positive  integral  solutions : — 
(16.)  a;+2y+32=120. 
(17.)  x+y+z-\ 


x+y+z+u=  4,1  (18.)  2a;+6y+  32=324,  \ 

5y  +  6z  +  9ti=18.  J  6a:- 4y  + 14^=190.  j 

-    y  +  7z=l7S,\  '- --       -       ■" 

ly+32=610.  j 

/+  z+  w=26,^ 

/  +  4«+  w  =  63,  Y 

/+2z  +  iu=7i.) 


(19.)    6a;-6y+72;=l73,  \  (20.)  17a; +19y+ 212=400. 

17a;-4y+32=610.  jT 
(21.)    x+  y-\ 

3a;  +  2yH 

2a;  +  3y  +  22  +  ^ 

(22.)  Show  how  to  express  the  general  integral  solution  of  the  system 
Oiia;i  +  aiaa52+.  .  . +ainXn=di, 

021X1+021X2+  .    .    '  +02nXn  =  d2f 


an-i.ia;i  +  an-i,aa>i+.  .  . +0,-1,11  a:«=rfn-i 
by  means  of  determinants,  when  a  particular  solution  is  known. 
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Find  the  values  of  x  which  make  the  values  of  the  following  functions 
integral  squares : — 

(23. )  2ar»  +  2^:.      (24. )'  {p^  -  a;)/5.      (25. )  x  + 11  and  x + 20,  simultaneously. 
(26. )  7a? + 6  and  \x + 3,  simultaneously.  (27. )  a^ + a?  +  8. 

Solve  the  following  equations,  giving  in  each  case  the  least  integral 
solution,  and  indicating  how  all  the  other  integral  solutions  may  be  found : — 

(28.)  a;»-44y»=-8.  (29.)  a;2-44y«=+5. 

(30.)  a;2_44y2=_7.  (31.)  jB»-44y*=+4. 

(32.)  za  +  3y2=628.  (33.)  ar»-6V=  -H. 

(34.)  ar»-47sr'=+l.  (35.)  z3-47y«=-l. 

(36.)  ar»-26y»=  -1105.  (37.)  ar*- 72/^=186. 

(38.)  a:3_(a3  + 1)2/2  =  1.  (39.)  ar»- (a«-l)y»=l. 

(40.)  a;»-(aa  +  a)2/2=l.  (41.)  a^-(a»-a)y«=l. 

(42.)  ar^  +  5a;3/-2a;  +  3y=853.  (43.)  a!y-2a;-3y  =  15. 

(44. )  ar»  -  ys  4. 4a.  _  5y  =,  27.  (46. )  3a:«  +  2j;y  +  5y^= 390. 

(46.)  a^+4a;y-lly»  +  2a;-86y- 140  =  0. 

(47.)  ar»-a:y-72y«  +  2a:-440y-659  =  0. 

(48.)  ar»  +  2a;y-17y«  +  72y-75  =  0. 

(49.)  61ar»  +  28a:y  +  25V  +  264a; +  626y  + 260  =  0. 

(60.)  Show  that  all  the  primitive  solutions  of  Dai*-Cy*=±H  are 
furnished  by  the  convergents  to  \/(C/D),  provided  H  <  \/(CD).  Show  also 
how  to  reduce  the  equation  Da;*  -  Cy^=  ±H,  when  H>  \/(CD). 

(51.)  Find  all  the  solutions  of 

4ar«-7y^=-8, 
and  of  4ar'- 72^^=53. 

(52.)  If  D,  E,  F,  H  be  integers,  and  H<\/(E'*-DF)  (real),  show  that  all 
the  solutions  of 

Daj«-2Ea;y  +  Fj^=±H 

are  furnished  by  the  convergents  to  one  of  the  roots  of 
D22-2E2  +  F=0. 

(See  Serret,  Alg.  Sup.,  §  35.) 
(53.)  If  Vn=Pn-^n>  whcre  x  is  a  .periodic  fraction  having  a  cycle  of 
c  quotients,  and  pn  and  qn  have  their  usual  meanings,  then 

U„c+r=(a-i3jVn)"Ur, 

where  arH-i=ar+i  +  r — V-  •  -- — r-  •     » 

* 

and  ■s=ar+i  + r  •  •  •  - 

In  particular,  if  a;= V(C/D),  then 
D/i„e+r-  \/{CD)qnc^=  {aM,-/3Iv-/3V(CD)}«(Pp,-  V(CD)gr,)/MA 
Point  out  the  bearing  of  this  result  on  the  solution  of  Dai*  -  Cy'=  ±H. 
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CHAPTEE   XXXIV. 
(General  Continued  Fractions. 

FUNDAMENTAL  FORMULAE. 

§  1.]  The  theory  of  the  general  continued  fraction 

ir,  =  a,+  --»--^.  .  .  (A), 

where  a„  0^  a„  ,  .  ,,  bg,  b„  ,  .  .  are  any  quantities  whatever,  is 
inferior  in  importance  to  the  theory  of  the  simple  continued 
fraction,  and  it  is  also  much  less  complete.  There  are,  how- 
ever, a  number  of  theorems  regarding  such  fractions  so  closely 
analogous  to  those  already  established  for  simple  continued 
fractions  that  we  give  them  here,  leaving  the  demonstrations, 
where  they  are  like  those  of  chap,  xxxii.,  as  exercises  for  the 
reader.  There  are  also  some  analytical  theories  closely  allied  to 
the  general  theory  of  continued  fractions  which  will  find  an 
appropriate  place  in  the  present  chapter. 

In  dealing  with  the  general  continued  fraction,  where  the 
numerators  are  not  all  positive  units,  and  the  denominators 
not  necessarily  positive,  it  must  be  borne  in  mind  that  the  chain 
of  operations  indicated  in  the  primary  definition  of  the  right- 
hand  side  of  (A)  may  fail  to  have  any  definite  meaning  even 
when  the  number  of  the  operations  is  finite.     Thus  in  forming 

the  third   convergent  of  1  +  - —  - —  - — -.  .  .  we   are   led  to 

1  +  1/(1  -  1) ;  and  in  forming  the  fourth  to  1  +  1/{1  -  1/(1  -  1)}. 
It  is  obvious  that  we  could  not  suppose  the  convergents  of  this 
fraction  formed  by  the  direct  process  of  chap,  xxxii.,  §  6  (a),  (/J), 
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(y).  It  must  also  be  remembered  that  no  piece  of  reasoning 
that  involves  the  use  of  the  value  of  a  non-terminating  continued 
fraction  is  legitimate  till  we  have  shown  that  the  value  in  question 
is  finite  and  definite. 

In  cases  where  any  difficulty  regarding  the  meaning  or  convergency 
of  the  continued  fraction  taken  in  Us  primary  sense  arises,  we  regard 
the  form  on  the  right  of  (A)  m^rdy  as  representing  the  assemblage  of 
convergentspjqi,  p^jq^  .  .  .,  Pnl^n  v^hose  denominators  are  constructed 
by  means  of  the  recurrence-formulm  (2)  and  (3)  below. 

That  is  to  say,  when  the  primary  definition  fails,  we  make 
the  formulae  (2)  and  (3)  the  definition  of  the  continued  fraction. 

In  what  follows  we  shall  be  most  concerned  with  two  varieties 
of  continued  fraction,  namely, 

-•*•*••  (B). 

where  a^,  a„  Og,  .  .  ,,  b„  bg,  .  ,  .  axe  all  real  and  positive.  We 
shall  speak  of  (B)  and  (C)  as  continued  fractions  of  the  first  and 
second  class  respectively. 

§  2.]  li Pi/qi,  Pfjqa,  &c.  be  the  successive  convergents  to 

^.  =  a,+ J?_  _*!_..  .  (1), 

■     ag+  a^+  ^  ^* 

then 

Pn  =  anPn-i  +  bnPn-f>  (2); 

?n  =  angn-i  +  Mn-.  (3), 

with  the  initial  conditions  i?o  =  1»  i>i  =  ^i ;  ^i  =  1>  S's  =  Os- 

Cor.  I,  In  a  continued  fraction  of  the  fi/rst  class  p^,  and  q^  are 

both  positive  ;  and,  provided  an^i.  1,  each  of  them  continually  increases 

with  n* 

In  a  continue  fraction  of  the  second  dass,  subject  to  tlie  restridion 

ttn^l  +  bn,Pn  (^f^  ^n  ^^^^  positivc,  and  each  of  them  continually  in- 

creases  with  n* 

*  It  does  not  necessarily  follow  that  'Lpn^^  &nd  L^n=oo>  for  the  suc- 
cessive increments  here  are  not  positive  integral  numbers,  as  in  the  case  of 
simple  continued  fractions. 


"l 

'<i.+ 

«.+ 

a, 
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These  conclusions  follow  very  readily  by  induction  from  such 
formulsB  as 

Pn  -Pn-i  =  K  -  lK-1  +  bnPn-»  (4). 

Cor.  2. 

(5); 

(6). 


P^  -a    I      ^"       **»-' 

6« 

Pn-i         "      ^n-i  +   0^-.  +  ' 

'      '     «! 

§  3.]  From  (2)  and  (3)  we  deduce 

Pnqn-i  "Pn-iqn  =  (  -  Wa  -"K  (1). 

Cor.  1.  The  convergerUs,  as  ccUculated  by  the  recurrence^ndey  are 
not  necessarily  at  their  lowest  terms. 

Cor.  2. 

Pn  _  Pn-i  ^  /  _  yJA'-'bn  .g) 

qn      qn-x  qnqn-i 

Cor.  3. 
Cor.  4. 

i?«?n^-jP«-?n  =  (-)"^^anW8.  .  •  ^n-i  (4)  ; 

Pn      Pn-t  ^  /      xn-l^n^a  »  ■  •  ^r»  - 1  /gv 

Cor.  5. 


/■Pn  _ Pn-i\  I  /Pn-i      Pn'»\  __ 
\qn      qn-JI  Wn-i.      qn--J  " 


qn 
Kqn-t 


(6). 


(hiqn-x  +  Kqn-9 

Cor.  6.  In  a  contimied  fraction  of  the  first  doss,  the  odd  con- 
vergents  form  a/n  increasing  series^  and  the  even  convergents  a  decreas- 
ing series;  and  every  odd  convergent  is  less  than,  and  every  even 
convergent  greater  than  following  corwer gents. 

In  a  continued  fraction  of  the  second  dass,  subject  to  the  restriction 
a^^t  1  +  &«,  ail  the  convergents  are  positive,  and  form  an  increasing 
series, 

VOL.  II  2  H 
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These  conclusions  follow  at  once  from  (2)  and  (5),  if  we 
remember  that,  for  a  fraction  of  the  second  class,  we  have  to 
replace  *»  .  .  .,  6n  by  -  6»,  .  .  .,  -  h^ 


CONTINUANTS. 

§  4.]  The  functions |?n,  q^  of  a^,  a^  .  .  .,  a^',  b„b„  .  .  .,  b^ 
which  constitute  the  numerators  and  denominators  of  the  con- 
tinued fraction 

a,  +    tta  +     *   '       (In 

belong  to  a  common  class  of  rational  integral  function&* 
In  fact,  pn  is  determined  by  the  set  of  equations 

(1), 

together  with  the  initial  conditions  p^  =1,  Pi  =  a^;  while  qn  is 
determined  by  the  system 

qz-(^9  +  b^„     q^  =  a^q^^hq%,   .  .  .,     qn  =  o>ngn-i  +  bnqn-9 

(2), 
together  with  the  initial  conditions  Ji  =  1,  ^a=  ffg. 

It  is  obvious,  therefore,  that  q^  is  the  same  function  ofa^a^  .  .  ., 
fl^;  &»  &«  ,  •  •,  bnospnis  o/ai,  «„...,«»;  b„  b„  .  .  .,  6^. 
We  denote  the  function  pn  by 


^■=<„  t : : ;;  t)        ('^ 


and  speak  of  it  as  a  continuant  of  the  nth  order  whose  denominators 
are  a^,  o^,  .  .  .,  a^,  and  whose  numerators  are  5,,  .  .  .,  &„.  We 
have  then 

^^         \a,,  a„  .  .  .,  an/  ^  ' 

*  This  was  first  pointed  out  by  Euler  in  his  memoir  entitled  "  Specimen 
Algorithmi  Singularis/'iV^ov.  Coram,  Petrop.  (1764).  Elegant  demonstrations 
of  Euler's  results  were  given  by  Mobius,  Crelle*s  Jour.  (1830).  The  theory 
has  been  treated  of  late  in  connection  with  determinants  by  Sylvester  and 
Muir, 
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When  the  numerators  of  the  continuant  are  all  unity,  it  is 
usual  to  omit  them  altogether,  and  write  simply  K(ai,  Og, ,  ,  .,  a^), 
A  continuant  of  this  kind  is  called  a  simple  continuant. 

When  it  is  not  necessary  to  express  the  numerators  and 
denominators  it  is  convenient  to  abbreviate  both 

^L   fl*"  •■'  ^)  and  K(«.,  «,...,«„) 

into  K(l,  w).     In  this  notation  we  should  have,  if  r  <s, 

K(r,5)  =  K(       »r+„  .  .  .,  &A  ^^y 

K(s,r)=:K(  '      *"  •  •  •'  M  (6). 

In  particular,  K(r,  r)  mbans  simply  o^,  so  that;?i  =  K(l,  1)  =  a^. 
To  make  the  notation  complete,  we  shall  denote  po  &nd  q^  by 
K(  ),  which  therefore  stands  for  unity ;  and,  in  general,  when 
the  statement  of  any  rule  requires  us  to  form  a  continuant  for 
which  the  system  of  numerators  and  denominators  under  con- 
sideration furnishes  no  constituents,  we  shall  denote  that  con- 
tinuant by  K(  )  and  understand  its  value  to  be  unity.  It  will 
be  found  that  this  convention  introduces  great  simplicity  into 
the  enunciation  of  theorems  regarding  continuants. 

§  5.]  A  continuant  of  the  nth  order  is  an  integral  function  of  the 
nth  degree  of  Us  constituents. 

This  follows  at  once  from  the  definition  of  the  function,  for 
we  have,  by  §  4  (1), 

K(?,  n)  =  a„K(Z,  n  -  1)  +  J„K(Z,  n  -  2),  \ 

K(/,  n-  1)  =  a«.,K(Z,  n-  2)  +  b^.,K(l,  n-  3), 

>(7). 

K(/,/+l)  =  a,+,K(/,0  +  6,+,K(     ), 

K(/,/)  =  a,,     K(    )  =  1.  / 

The  following  rule  of  Hindenburg's  gives  a  convenient 
process  for  writing  down  the  terms  of  a  series  of  continuants, 
say  K(l,  1),  K(l,  2),  K(l,  3),  .  .  . :- 
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euler's  consteuction  for  continuant 


CHAP. 


a, 

a. 

^a 

a, 
a, 
a, 
ft. 

^5 

as 

^5 

!    b. 

a, 

a, 

a. 

\ 

ft. 

^5 

«! 

0, 

0. 

ft. 

fl^3 

h 

a. 

in 

h 

Ist.  Write  down  a„  and  enclose  it  in  the  rectangle  1, 1.  The 
term  in  1,  1  is  K(l,  1). 

2nd.  Write  a,  to  the  right  of  all  the  rows  in  1,  1 ;  and  write 
5,  underneath.  Enclose  all  the  rows  thus  constructed  in  the 
rectangle  2,  2.  Then  the  rows  in  2,  2  give  the  products  in 
K(l,  2),  namely,  a^a^-\-h^ 

3rd.  Write  Oj,  at  the  ends  of  all  the  rows  of  2,  2 ;  repeat 
under  2,  2  all  the  rows  in  1, 1,  and  write  h^  at  the  end  of  each  of 
them.  Enclose  all  the  rows  thus  constructed  in  3,  3.  Then 
the  rows  in  3,  3  give  the  products  in  K(l,  3),  namely, 
a^a^  +  ^4h  +  ^1^8* 

The  law  for  continuing  the  process  will  now  be  obvious.  The 
scheme  is,  in  fact,  merely  a  graphic  representation  of  the  con- 
tinual application  of  the  recurrence-formula 

K(l,  n)  =  anK(l,  n  -  1)  +  6nK(l,  n-2)  (8). 

By  considering  Hindenburg's  scheme  we  are  led  to  the 
following  rule  of  Euler's*  for  writing  down  all  the  terms  of  a 
continuant  of  the  nth  order. 

Write  down  a^a^a^ . . .  a„_,a,j.  This  is  the  first  term.  To  get 
the  rest,  omit  from  this  product  in  every  possible  way  one  or  more  pairs 
of  consecutive  a\  always  replacing/  the  second  a  of  the  pair  by  a  b  of 
the  same  order, 

*  Euler  {l,e.)  gave  the  rule  for  the  simple  continuant  merely.      Cayley 
(Phil.  Mag,f  1868)  gave  the  more  general  form. 
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For  example,  to  get  the  tenns  of  K(l,  4).  The  first  ia  01020304.  By 
omitting  from  this,  first  aiOs,  then  0^0$,  then  0^04,  and  replacing  hy  bi,h,  h 
rcspectiyely,  we  get  three  more  terms,  ^309^4;  oibso^,  OiO^fii.  Then,  omitting 
two  pairs,  we  get  fta^4>     We  thas  get  all  the  terms  of  E(l,  4). 

It  is  easy  to  verify  this  rule  up  to  K(l,  5) ;  and  a  glance  at 
the  recurrence-formula  (8)  shows  that,  if  it  holds  for  any  two 
consecutive  orders  of  continuants,  it  will  hold  for  all  orders. 
From  Euler's  rule  we  deduce  at  once  the  following  : — 
Cor.  1.  The  value  of  a  continuant  is  not  altered  by  reversing  the 
order  of  its  constituents,  thai  is  to  say, 

\a,,  0,,  .  .  .,  a  J  Wy  an.,,  ^  >  .,  aj       ^  ^ 

We  could  obviously  form  the  continuant  K(l,  n)  by  starting 
with  OnOn.i . . .  a^a^  instead  of  a^Oi . . .  On-ian,  and  replacing  each 
consecutive  pair  of  a's  in  every  possible  way  by  a  J  of  the  same 
order  as  the  first  a  of  the  pair.  In  this  way  we  should  get  pre- 
cisely the  same  terms  as  before  Hence  the  theorem.  We  may 
express  it  in  the  form 

K{l,m)  =  K{m,l)  (10). 

Cor.  2.   We  have  the  following  remrrenceforrmla : — 

K(/,  m)  =  aiK{l  +  1,  m)  +  bi+,K{l  +  2,  m)         (11). 
For,  by  Cor.  1, 

K{l,m)  =  K{m,l), 

=  aiK{m,  l+l)  +  bi+,K{m,  I  +  2),  by  (7), 
=  aiK{l  +  1,  m)  +  bi+,K{l  +  2,  m),  by  Cor.  1. 

§  6.]  The  theorems  (1)  and  (4)  of  §  3  may  be  written  in 
continuant  notation  as  follows  : — 

K(l,  n)K(2, 71  -  1)  -  K(l,  n  -  1)K(2,  n) 

=  (-)»Ma...ftnK()K()     (12), 
K(l,  »)K(2,  n  -  2)  -  K(l,  n  -  2)K(2,  n) 

=  (-)'*-»M..-.6n-,K()K(n,n)     (13). 

These   are   particular   cases  of  the  following  general  theorem, 
originally  due  to  Euler*  : — 

*  Euler  stated  it,  however,  only  for  simple  continuants.  It  has  heen 
stated  in  the  ahove  general  form  and  proved  by  Stern,  Mair,  and  others. 
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K(l,  n)K(l,  m)  -  K(l,  m)K{l,  n) 

=  (  -  r-'^Hih^, . . .  6^+,K(l,  /  -  2)K(m  +  2,  n)     (14), 
where  \  <l<m<n. 

This  theorem  is  easily  remembered  by  means  of  the  following  elegant 
memoria  technica,  given  by  its  discoverer : — 

1,  2,  .  .  .,  1-2,  ^-1,|/,  .  .~~m,\m  +  ly  m  +  2,  .  .  .,  n. 

Draw  two  vertical  lines  enclosing  the  indices  belonging  to  K(2,  m) ;  then  two 
horizontal  lines  as  above  ;  and  put  dots  over  the  indices  immediately  outside 
the  two  vertical  lines.  The  indices  for  the  first  continuant  on  the  left  of  (14) 
are  the  whole  row  ;  those  of  the  second  are  inside  the  vertical  lines ;  those  of 
the  third  and  fourth  under  the  upper  and  over  the  lower  horizontal  lines  ; 
those  of  the  two  continuants  on  the  right  outside  the  two  vertical  lines,  the 
dotted  indices  being  omitted.  The  6's  are  the  &'s  of  K(Z,  m)  with  one  more  at 
the  end  ;  and  the  index  of  the  minus  sign  is  the  number  of  constituents  in 
K(Z,  m). 

The  proof  of  the  theorem  is  very  simple.  We  can  show,  by 
means  of  the  recurrence-formulaB  (7)  and  (11),  that,  if  the  formula 
hold  for  /,  m  +  2,  and  for  Z,  tth-  1,  or  for  1-2,  m,  and  for  Z  -  1,  tw, 
it  will  hold  for  /,  m.  Now  (12)  asserts  the  truth  of  the  theorem 
for  Z  =  2,  m  =  n-\\  and  it  is  easy  to  deduce  from  (12),  by 
means  of  (7)  and  (11),  that  the  theorem  holds  for  /  =  3,  m  =  n  -  1, 
and  also  for  Z  =  2,  m  =  n  -  2.  The  general  case  is  therefore 
established  by  a  double  mathematical  induction  based  on  the 
particular  case  (12). 

The  theorem  (14)  might  be  made  the  basis  of  the  whole 
theory  of  continued  fractions ;  and  it  leads  at  once  to  a  variety 
of  important  particular  results,  some  of  which  have  already  been 
given  in  the  two  preceding  chapters.  Among  these  we  shall 
merely  mention  the  following  regarding  what  may  be  called 
reciprocal  simple  continuants : — 

K(ai,  a„  .  .  .,  af,  a^,  .  .  .,  a^,  a,) 

=  K(ai,  a„  .  .  .,  a<)'  +  K(a„  a,,  .  .  .,  a.-.^)'     (A); 

K(ai,  a.,  .  .  .,  Oi.^y  au  a»_i,  .  .  .,  a„  a^ 

=  K(ai,  Os,  .  .  .,  a;_,){K(a„  a^,  .  .  .,  a>j-\-Yi{a^,  a„  .  .  .,  «»•_,)} 

(B). 
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Ezanrple.  Show  that  every  primes  of  the  form  4X+1  can  ^e  exhibited  as 
the  sum  of  two  integral  squares.* 

I^t,  Ml,  Msi  •  .  .,  /«•  be  all  the  integers  prime  to  j?  and  <  Jj? ;  and  let  simple 
continued  fractions  be  formed  for  p/fiij  pjy^,  •  •  'jPl/ht  each  terminating  so 
that  the  last  partial  quotient  >  1.  Then  each  of  these  continued  fractions  has 
for  its  last  convergent  the  value  K(ai,  Oa,  .  •  .,  an)/K(aa,  Oj,  .  .  .,  a„),  where 
the  two  continuants  are  of  course  prime  to  each  other,  and  ai  >  1,  ^in>  1- 

From  this  it  appears  that  there  are  as  many  ways,  and  no  more,  of 
representing  ;?  by  a  simple  continuant  (whose  constituents  are  positive  integers 
the  first  and  the  last  of  which  are  each  greater  than  ui^^ty)  as  there  are  integers 
prime  to  p  and  <  ip. 

Now,  since  K(ai,  oa,  .  .  .,  an)  =  K{an,  .  .  .,  Oa,  ai),  and  aw>l,  it  is 
obvious  that  K(ani  .  .  .,  «a»  ai)  must  arise  from  one  of  the  other  fractions^//*. 
Hence,  given  any  fraction  p/fi^  it  is  possible  to  find  another  also  belonging  to 
the  series  which  shall  have  the  same  partial  quotients  in  the  reverse  order. 

Let  p  be  a  prime  of  the  form  4X  + 1,  then  the  greatest  integer  in  ^p  is  2X, 
which  is  even.  Since,  therefore,  the  number  of  continuants  which  are  equal 
to  p  must  be  even,  and  since  K{p)  is  one  of  them,  there  must,  among  the 
remaining  odd  number,  be  one  at  least  which  gives  rise  to  no  Tiew  fraction 
when  we  reverse  its  constituents,  that  is  to  say,  which  is  reciprocal.  Now 
the  reciprocal  continuant  in  question  cannot  be  of  the  foim  E(ai,  Oa,  .  .  ., 
Oi-i,  Oi,  Oi-i,  .  .  .,  oj,  ai),  for  it  follows  from  (B)  that  such  a  continuant 
cannot  represent  a  prime,  unless  i=l,  or  else  i=2,  and  ai=l,  all  of  which  are 
obviously  excluded. 

We  must  therefore  have  an  equation  of  the  form 

p=K(ai,  oa,  .  .  .,  Oi,  a,,  .  .  .,  oj,  ai), 

K(ai,  oj,  .  .  .,  a<)«+K(aj,  oa,  .  .  .,  a<-i)*, 
by  (A),  which  proves  the  theorem  in  question. 

As  an  example,  take  18 = 8  x  4  + 1. 

w    V        18    to     13    ^     1      13     ,  .  1     13    ^  .  1     13    „      1      11 

We  have  -=13;  ^=6  +  ^;  -^^^^p  T=^-^V  T'^'^'^TT  l^V 

y=2  +  j.     So  that  18=E(13)=K(6,  2)  =  K(4,  8)=E(3,  4)=E(2,  1,  1,  2) 
=  K(2,  6) ;  and.  in  particular,  18=K(2, 1,  1,  2)  =  K(2,  1)*+K(2)>=8H2«. 

§  7.]  By  considering  the  system  of  equations  (1)  of  §  4,  it  is 
easy  to  see  that,  if  we  multiply  Or,  br,  Jr+i  ^y  Cr,  the  result  is 
the  same  as  if  we  multiplied  the  continuant  K(l,  n){n>r)  by 
Cr.     Hence  we  have 


^«n 


c,6„ 

c^cX 

Cb^^aKj 

CnOnJ 

c,a„ 

Cz(hy 

c^a^, 

=  c,c^ . . 

:t)  (^^>- 


*  The  following  elegant  proof  of  this  well-known  theorem  of  Fermafs  was 
given  by  the  late  Professor  Henry  Smith  of  Oxford  (Crelle's  Jour.y  1865). 


Digitized  by 


Google 


472  REDUCTION  TO  SIMPLE  CONTINUANT  CHAP. 

We  may  so  determine  c„  Cgj  •  •  •,  c„  that  all  the  numerators 
of  the  continuant  become  equal.     In  fact^  if  we  put 

we  get 
Hence 

j^/        6„    .    .    .,   ftnV 
Vai,  rtg,    .    .    .,  On/ 

=  {l/kybnbn-,bn..   .    •    .  x  k(^^^  ^^/^^^  ^.^yj^^  KV^.&«   ".    '    J 

(16), 
where  p  is  the  number  of  even  integers  (excluding  0)  which  do 
iiot  exceed  n. 

Cor.  Every  continuant  can  he  reduced  to  a  simple  continuarU,  or 
to  a  continuant  each  of  whose  numerators  is  -l. 

Thus,  if  we  put  A.  =  +  1  and  A.  =  -  1,  we  have 

\a„  Og,  .  .  .,  an/ 
=  hnhn-i  .  .  .  xK(a,,  a,/6„  aa^^a,  o,a\IKK,  .  .  ., 

anK-iK-z"'/Kbn-ii'")      (17), 
=  {'ybnbn-.   .    .    .xK(^^^    _^^^^J    ^^^^jJ^    -a,V6.^,!   .    .    .', 

(-)«-^Mn-xVa.../Mn-....>'     ^^^^' 

§  8.]  The  connection  betwe-en  a  continuant  and  a  continued  fraction 
follows  readily  from  (11).  For  we  have,  provided  K(2,  n),  K(3,  n), 
K(4,  n),  .  .  .  are  all  diflferent  from  zero, 

K(l.«)_^  ,  ft. 

K(2,  m)~   '     k(2,  n)/K(3,  «)' 

K(2,«)  6. 

k(3,  n)  ~  ^     K(3,  «)/K(4,  n)' 


Hence 


K(l,  w)  6,      ft, ir_ ,  g. 

K(2,  «)  ~   '     a.  +  0,  +     •  •  •  K(r,  «)/K(r  +  1, «)     ^     '' 
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If  in  this  last  equation  we  put  r=^n,  and  remember  that 
here  K(n  +  1,  w)  =  K(     )  =  1,  we  get 

a  result  which  was  obvious  from  the  considerations  of  §  4. 
§  9.]  When  the  continuant  equation 

K(l,  n)  =  (inK(l,  n  -  1)  +  J„K(1,  n  -  2), 

or  Pn  =  dnPn-i  +  KPn-»7 

which  may  be  regarded  as  a  finite  difference  equation  of  the 
second  order,  can  be  solved,  we  can  at  once  derive  from  (20)  an 
expression  for 

flj  + .  .  .  — . 

a«+  aa+  On 

When  On  and  b^  are  constants,  the  problem  is  simply  that  of 
finding  the  general  term  of  a  recurring  series,  already  solved  in 
chap,  xxxi.,  §  7. 

Example.  To  find  an  expression  for  the  nth  convergent  to 

F=l+ .  .  •  —  ...     . 

^1+  1+1  + 

Here  we  have  to  solve  the  equation  Pn=Pn-i+Pn-2t  with  the  initial  con- 
ditions ^  =  1,  j9i = 1.     The  resolt  is 

K(l,  n)=pn=  {(1  +  V5)*^^ - (1  -  V5)*+^*}/2^V6- 
Hence 

Pn  __  K(l,  n)^  {(1  +  V5)»+i  - (1  ^  V6)^^}/2"^V5 
qn~K{2,n)  {(1  + V6 )"-(!- V5n/2"V5      ' 

*    (l  +  V5)--(l-\/5)"    ' 
From  the  expression  for  E(l,  n)  (all  the  terms  in  which  reduce  in  this  case 
to  + 1)  we  see  incidentally  that  the  number  of  different  terms  in  a  continuant 
of  the  nth  order  is 

(i+VSj'H-i-ci-vs)"^!,,!      p^fi    p.«    p^ 

§  10.]  When  two  continued  fractions  F  and  F'  are  so  related 
that  every  convergent  of  F  is  equal  to  the  convergent  of  F'  of 
the  same  order,  they  are  said  to  be  equivalerd* 

*  We  may  also  have  an  (m,  n)-eqai valence,  that  is,  Pmjqrm—Pm' l^m' * 
See  Exercises  XXXlII.,  2, 17,  &c. 
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It  follows  at  once  from  §§  7  and  8  (and  is,  indeed,  otherwise 
obvious,  provided  the  continued  fraction  has  a  definite  meaning 
according  to  its  primary  definition)  that  we  may  multiply  o^  5^,  and 
6^+,  by  any  quantity  m  ( 4=  0)  without  disturbing  the  equivalence 
of  the  fraction.  Hence  we  may  reduce  every  continued  fraction 
to  an  equivalent  one  which  has  all  its  numerators  equal  to  +  1 
or  to  -  1.     Thus  we  have 

K     ^s     ^4  K 


a,  + 


1  1 


1 


'     a^/b^+  aj)^bj^+  ajb^/bjb^-^- 


1 

.    .    .        (21). 

§  11.]  If  we  treat  the  equations  (1)  as  a  linear  system  to 


determine  K(l,  1),  K(l,  2), 
ant  notation,  we  get 

K(l,  n)  = 


K(l,  w),  and  use  the  determin- 


a, 

J. 

0 

0 

0.. 

.     0 

0 

0 

1 

a. 

K 

0 

0.. 

.     0 

0 

0 

0  ■ 

-1 

<h 

K 

0.. 

.     0 

0 

0 

0 

0- 

-1 

a-t 

h.. 

.     0 

0 

0 

0 

0 

0 

0 

0.. 

.-r 

a„- 

>  bn 

0 

0 

0 

0 

0.. 

.     0- 

-1 

< 

which  gives  an  expression  for  a  continuant  as  a  determinant. 
The  theory  of  continuants  has  been  considered  from  this  point 
of  view  by  Sylvester  and  Muir;*  and  many  of  the  theorems 
regarding  them  can  thus  be  proved  in  a  very  simple  and  natural 
manner. . 

Exercises  XXXIII. 
(1.)  Assuming  that  both  the  fractions 


a+  h+  c  + 
are  convergent,  show  that 


See  Muir's  Theory  of  Determinants,  chap,  iii 
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(2. )  If  pjq  and  p'jq'  be  the  ultimate  and  penultimate  convergents   to 


.  -,  show  that 

1 
'  '  k+'  '  ' 

ton  periods  =  -|p:f-,-- 7- •••->! 


where  the  quotient  cf  +p  is  repeated  n  - 1  times,  and  the  upper  or  the  lower 
sign  is  to  be  taken  according  as  p/q  is  an  even  or  an  odd  convergent 

(3.)  Evaluate  a+  —  — —  ...  to  n  quotients,  a  being  any  real  quantity 

positive  or  negative.  Show  from  your  result  that  the  continued  fraction  in 
question  always  converges  to  the  numerically  greatest  root  ofic^-aa;-l  =  0.* 
(4.)  Deduce  from  the  results  of  (2)  and  (8)  that  a  recurring  continued 
fraction  whose  numerators  and  denominators  are  real  quantities  in  general 
converges  to  a  finite  limit ;  and  indicate  the  nature  of  the  exceptional  cases. 

(5. )  Evaluate  2  -  ^  ^— ■  ^—  ...  to  »  terms. 

14      2      2      2 
(6.)  Show  that  the  nth  convergent  to  r —  ^ —  ^ —  x —  ^—  -  .  .»  every  sub- 

o—    O—    o—    O—    o~ 

2 
sequent  component  being  -,  is  (2"-  l)/(2"  +  l). 
o 

(7.)  Show  that  — £ %—  ...  to  n  terms  =^::^f. 

(8.)  , —  —  , ^^ —  .  .  .  (n  +  1  components) 

^    '  1-  a  +  1-  a  +  2-  ^  ^         ' 

=  l  +  a  +  a(a  +  l)+  .  .  .  +a(a  +  l) .  .  .  (a+n-l). 
(9.)  If0(n)= .  .  ,  n  quotients,  then 

0(m  +  n)={0(m)  +  0(n)-a0(m)0(n)}/{l  +  ^w)0(n)}. 

(Clausen.) 
(10.)  Show  that 

K(0,  oa,  as,  .  .  .,  an)  =  K(aj,  ...,««); 
K(.  .  .  a,  6,  c  0,  6,/,  ^,  .  .  .  )  =  K( ...  a,  6,  c+g,/,  gr,  .  .  . ); 
K(.  .  .  a,  6,  c,  0,  0,  0,  «,/,  gr,  .  .  .  )  =  K(.  .  .  a,  6,  c+«,/,  flr,  .  .  . ); 
K( .  .  .  a,  6,  c,  0,  0,  «,/,..  .  )=K( ...  a,  6,  c,  c,/,  .  .  .  ). 

(Muir,  Determi7uint8,  p.  159.) 
(11.)  Show  that  the  number  of  terms  in  a  continuant  of  the  nth  order  is 

l^r.     i.,(n-2)(n-3)    (n-8)(n-4)(n-5) 

l  +  (n-l)+  — + ^ +  ...     . 

(Sylvester.) 

(12.)  Upn-Kf      ^»  *3,  .  .  .,  ft«  Y  gijQ^  ^^^  ^ijgr^  grists  a  reUtion  of 
\ai,  04,03,.  .  .,  o„/ 
the  form 

AV  +  Bpn-i«  +  Cpn-2^  +  Di)n-3'  =  0, 

where  A,  B,  C,  D  are  integral  functions  of  On,  ^m  On-it  ^n-i* 

*  This  is  a  particular  case  of  the  theorem  (due  to  Eulerf)  that  the 
numerically  greatest  root  of  a^ -px +q=0\sp-~-  -- '  •  •     • 

P        Mr 
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(13.)  Show  that 

k/     ^.  (6.+<rO^  (h+a^  .  .  .  )=(j,+<„)(i.  +  a,)(*.+«.)  •  •  •: 
VI,  ai,  os,  «»,.../ 

and  deduce  the  theorem  of  §  19.  (Muir,  Ic) 

Taking  (a,  b,  e,  ,  .  .^  k)  to  denote  the  continued  fraction  —  j—  —- 
•  •  •  Ti  and  [a,  b,  e,  .  .  .,  k],  or,  when  no  confusion  is  likely,  [a,  k],  to 
denote  K/     ~  1'  ~  *  '  '    *  ~  i  )»  pro^o  the  following  theorems  *  :— 

(14.)  If  a;=(a,  6,  c,  .  .  .,  «,  y),  then  y  =  (e,  .  .  .,  c,  6,  a,  x)  ; 

ay-(<j,  .  .  .,  a)aj-(a,  .  .  .,  c)y  +  («,  .  .  .,  a)(a,  .  .  .,  d)=0  ; 
(a,  .  .  .,  c){e,  .  .  .,  6)=(«,  .  .  .,  a)  (a,  .  .  .,  rf) ; 
{x-(a,  .  .  .,  e)}{y-{e,  .  .  .,  a)\ 

=  (e,  .  .  ..  a)K  .  .  .,  a)«(c, a)K..(af 

(15.)  (a,  .  .  .,  «)-(«,..  .,  ^)  =  («,  .  .  .,  a)(rf,  .  .  .,  a)*(c,  .  .  .,  a)»,..(a)«. 
(16.)  [a,  6,  c,  (i,  «]  =  l/(a,  6,  c,  d,  e){b,  c,  d,  €)(c,  d,  e){d,  e)(e), 
(17.)  Prove  the  following  equivalence  theorem  : — 
(a,  ...,.,  /.    a',  .  .  ..  e',/,     a",  .  .  .,  e'\  /",    a"\  .  .  .,  e'",/"') 
-    ^     /  rib  r1  .   ^^^'  "T  ^^>  ^J  ^^''»  ""J  ^^^'  ^^  t«"^  ^"1  Ki  ^1  ] 

(18.)  (a,/,   a',/,   a",/",  a'",/",  .  .  .) 

_l/ «'__  gg^^ a'a'"  \ 

"aX    ^a/a'-a-a'-  a'/'a"  -  a' -  a"  -  a"  f"  a'"  -  a"  -  a!"  -  .  .  .  |. 

^ir^  1  1  \ 

(20.)  V2=14.,-L^J..  .  .=^{7H.ji^^  ^-^.  .  .}. 

(21.)  (a,  .  .  .,  e,/,     a,  .  .  .,  «,/',      a,  .  .  .,  c,/",  .  .  .  adoo) 
-(«,  .  .  .,  a,/,     «,...,  a,/',    «,...,  a,/",  .  .  .  adoo) 

=  (a,  .  .  .,  «)^(tf,  .  .  .,  a). 

(22.)  Show  that  the  successive  constituents  a,  /9,^7,  .  .  .,  \  fi,  f  may  be 

omitted  from  the  continued  fraction  ( .  .  .  a,  6,  a,  /3,  7,  .  .  .,  \iJLfV^c^dt  •  •  •  ) 

without  altering  its  value,  provided  [j8,  .  .  .,  /i]=±l,  a  =±[7,  .  .  .,  m], 

andy=±[/9,  .  .  .,  X];  and  construct  examples. 

(23.)  Ifa;=(a,  .  .  .,  e, /,  .  .  . ),  the  other  root  of  the  quadratic  equation 

to  which  this  leads  Ux={f,  e,  .  .  .,  a,  .  .  . ). 

(24.)  If  6  +  1— -  .  .  .  T — ; — r  •  •  •  — r  •  •  •  he  one  root  of  a  quadratic 
^      '  bi+  bnt+  a+  a«+  ^ 

«  « 

*  The  notation  and  the  order  of  ideas  used  in  (14)  to  (23),  as  well  as 
some  of  the  special  results,  are  due  to  Mbbius  {Crelk*s  Jour.^  1830). 
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equation,  the  other  is 

1  111  11  1 


b+ 


h+  hr^-Chn-    am-l+   am-i+  «+   am+  «  + 

\  •  * 

(Stem,  Crelle*8  Jour.,  1827.)  * 


(26.)  l{q>p,  show  that 

_^q-p  pqlq-p)  pq{q-pf 


CONVERGENCE   OF  INFINITE   CONTINUED  FRACTIONS. 

§  12.]  By  the  value  or  limit  of  an  infinite  continued  fraction 
is  meant  the  limits  if  any  such  exists  towards  which  the  con- 
vergent Pnlq.n  approaches  when  n  is  made  infinitely  great  It 
may  happen  that  this  limit  is  finite  and  definite ;  the  fraction  is 
then  said  to  be  convergent.    It  may  happen  that  L  Pnj^n  fluctuates 

between  a  certain  number  of  finite  values  according  to  the  in- 
tegral character  of  n ;  the  fraction  is  then  said  to  oscillcUe.  Finally, 
it  may  happen  that  L  Pn/^n  tends  constantly  towards  ±  oo ;  in 

this  case  the  fraction  is  said  to  be  divergent 

We  have  already  seen  that  all  simple  continued  fractions  are  convergent 
The  fraction  1  -  =-3  =-^  =-^  ...  is  an  obWoos  example  of  oscillation,  its 
value  being  1,  0,  or  -  00  according  as  91= 3m +1,  ^m+*2,  or  3m +  3. 

Thefractionl-^pA;^  i^j^  ..  .diven^to-co.for  jL  i^L 

.  .  .  converges  to-J+iV^i  ^  ^^7  ^  easily  seen  from  the  expression  for 
its  nth  convei^ent  given  in  §  9. 

The  last  example  brings  into  view  a  fact  which  it  is  important 
to  notice,  namely,  that  the  divergence  of  an  infinite  continued 
fraction  is  something  quite  dififerent  from  the  divergence  of  an 
infinite  series.  The  divergence  of  the  fraction  is,  in  fact^  an 
accidental  phenomenon,  and  will  in  general  disappear  if  we 
modify  the  fraction  by  omitting  a  constituent     It  is  therefore 

*  (23)  and  (24)  are  generalisations  of  an  older  theorem  of  Qalois*.  See 
Qergonm  Ann.  d.  Math.,  t.  xix. 
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not  safe  in  general  to  argue  that  a  continued  fraction  does  not 
diverge  because  the  continued  fraction  formed  by  taking  all  its 
constituents  after  a  certain  order  converges. 

With  the  exception  of  simple  continued  fractions  and  recur- 
ring continued  fractions  (whether  simple  or  not),  the  only  cases 
where  rules  of  any  generality  have  been  found  for  testing  con- 
vergency  are  continued  fractions  of  the  "first"  and  "second 
class."     To  these  we  shall  confine  ourselves  in  what  follows.* 

§  1 3.]  A  corUinued  fraction  of  the  first  doss  cannot  be  divergent  ; 
and  it  will  he  convergent  or  oscillating  if  any  one  of  ihe  residual 
fractions  x^,  iCa,  .  .  .,  aj„,  .  .  .  converge  or  oscillate. 

The  latter  part  of  this  proposition  is  at  once  obvious  from 
the  equation 

6,     ft,  bn 


x,  =  a,+ 


0,+  0,+  Xn 


Again,  since  (§  3,  Cor.  6)  the  odd  convergents  continually  in- 
crease and  the  even  convergents  continually  decrease,  while  any 
even  convergent  is  greater  than  any  following  odd  convergent^  it 
follows  that  Lpanl^m  =  A  and  Lpm-i/qm-i  =  B»  where  A  and  B  are 
two  finite  quantities,  and  A-«tB.  If  A  =  B,  the  fraction  is  con- 
vergent ;  if  A  >  B,  it  oscillates ;  and  no  other  case  can  arise. 

§  14.]  A  continued  fraction  of  the  first  class  is  convergent  if  the 
series  ^n-i^n/K  be  divergent. 

We  have,  since  all  the  quantities  involved  are  positive, 

?4  =  M8  +  ^42'8,      q^Xt^^B', 

qz  =  <hq9  +  hqii    ?a>M«; 

*  Our  knowledge  of  the  convergence  of  continued  fractions  is  chiefly  due 
to  Schlomilch,  Handb.  d,  Algebraische  Analysis  (1845) ;  Arndt,  DisqydaitwMS 
NonnvMa  de  Fractionibus  Cantinuis,  Sundise  (1845) ;  Seidel,  Untersuehungen 
iiber  die  Convergenz  und  Divergenz  der .  KeUejibrUche  (Habilitationssclirift 
Miinchen,  1846) ;  also  Abhandlungen  d.  Math.  Classe  d,  AT.  Bayerischm  Akad. 
d.  Wiss.y  Bd.  vil  (1865) ;  and  Stern,  CrelU's  Jour,,  xxxviL  (1848). 
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Hence 

?n-i  >  (an-i^-«  +  ^n-i)3'n-ai 

Therefore 

qnqtir.^  >  qMK  +  0,0.)  (K  +  Oaa*)  .  .  .  (6n  +  On-iOn), 

and,  since  ^^  =  1,  ^,  =  a,, 


^>^('-^)0-T)-0*Tf)  *'>• 


Now,  since  '^an-iOn/K  is  divergent^  11(1  +  On-i^/K)  diverges 
to  +  00  (chap,  xxvi.,  §  23),  therefore  I^nqn-i/hh-  "K=  +  °o  • 
Hence 

Wan      ?»n-i/  ?8n?an-i 

that  is,  the  continued  fraction  is  convergent. 

Cor.  1.  The  fraction  in  question  is  convergent  if  Lon^^an/hn  >  0. 

Cor.  2.  Also  if  Jjan/bn  >  0,  and  ^a^  be  divergent. 

Cor.  3.  AlsoifJjan+ibnlan.ibn+i>l. 

The  above  criterion  is  simple  in  practice;  but  it  is  not 
complete,  inasmuch  as  it  is  not  proved  that  oscillation  follows  if 
Sfl^n-i^n/^n  ^  Convergent  The  theorem  of  next  paragraph 
supplies  this  defect. 

§  15.]  If  a  continued  fraction  of  the  first  doss  be  reduced  to  the 


jorm                         111                   1 

Oi  +  -5 ; ; •     •     •     -5 •     •     • 

a,  +  da  +  a*  +              »n  + 

(4). 

so  that 

J        fln^n-i^n-a-- 

-     (5), 

then  it  is  convergent  if  at  least  one  of  the  sefies 

da  +  ds  +  d,+  .  .  . 

(6) 

d^  +  d^  +  ds+  .  .  . 

(7) 

be  divergent  J  oscillating  if  both  these  series  be  convergent. 


Digitized  by 


Google 


480  COMPLETE  CRITERION  FOR  C.F.  OF  FIRST  CLASS         chap. 

This  proposition  depends  on  the  following  inequalities  be- 
tween the  q's  and  d*8  of  the  fraction  (4) : — 

0<|?„<(l+rf.)(l+(f3)...(l+^n)  (8); 

q^>d,  +  d^+  .  .  .  +d^  (9); 

!Z«»-i>l  (10). 

These  follow  at  once  from  Euler's  law  for  the  formation  of 
the-  terms  in  qn,  which,  in  the  present  case,  runs  as  follows : — 
Write  down  d^d^ . .  ,dn  and  all  the  terms  that  can  be  formed 
therefrom  by  omitting  any  number  of  pairs  of  consecutive  d's. 
We  thus  see  that  q^  contains  fewer  terms  than  the  product 
(1  +  rfj)  (1  +  (ia)  •  •  •  (1  +  ^n) )  aiid»  siiice  the  terms  are  all  positive, 
(8)  follows.  Again,  in  forming  the  terms  of  the  1st  degree 
i^  ^an>  ^^  ^^  ^^7  h&ve  letters  that  stand  in  odd  places  in  the 
succession  d^d^d^ . . .  ^an ;  hence  (9) ;  and  (10)  is  obvious  from  a 
similar  consideration. 

To  apply  this  to  our  present  purpose,  we  observe  that^  since 
the  numerators  are  all  equal  to  1,  we  have 

Pan     Pm-\  _         1  /^,^ 

If  we  suppose  d^  #  0,  neither  q^^  nor  q^n-i  can  vanish.  Hence, 
if  both  Lq^n  and  Lqm-i  ^  finite,  the  fraction  will  oscillate,  and 
if  one  of  them  be  infinite  it  will  converge. 

Now,  if  both  the  series  (6)  and  (7)  converge,  the  series 
d,  +  d^  +  d^+  .  .  .  +dn  will  converge ;  and  the  product  on  the 
right  of  (8)  will  be  finite  when  n=  co ,  In  this  case,  therefore, 
both  q^n  and  q^^-i  will  be  finite;  and  the  fraction  (4)  will 
oscillate. 

If  the  series  d,  +  d^  +  dj  +  .  . .  diverge,  then  by  (9)  Lqgn  =  oo , 
and  the  fraction  (4)  will  converge. 

By  the  same  reasoning,  if  the  series  c^a  +  c^s  +  rf^  +  .  . .  diverge, 
then  the  fraction 

a,  +  3 —  J —  •   •   •   J —  •   •   • 
will  converge ;  and  consequently  the  fraction  (4)  will  converge. 
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.  Remark — We  might  deduce  the  criterion  of  last  paragraph 
from  the  above.     For  we  have 

d^df^aia^/bty  d^d^  =  a^aj^lh^,  .  .  .,  dn^^dn  =  an-^an/hn. 
Now,  if  the  series  2rf„  converge,  the  series  formed  by  adding 
together  the  products  of  every  possible  pair  of  its  terms  must, 
by  chap,  xxx.,  §  2,  converge :  a  fortiori,  the  series  2rfn-i<^n>  that 
is,  ^an-iajb^  must  converge.  Hence,  if  this  last  series  diverge, 
^n  cannot  converge,  ^n  niust  therefore  diverge,  since  it  cannot 
oscillate,  all  its  terms  being  positive.  Therefore  either  (6)  or 
(7)  must  diverge,  that  is  to  say,  the  fraction  (4)  must  converge. 

'  Example  1.  Consider  the  fraction 


"^2+2+2  + 


„  ,  2(2n-l)»{2n-8)«...32. 

Here  d^i=-  -^^-^^—^^-—^^ 


32.12 


It  may  be  shown,  by  the  third  criterion  of  chap,  xxvi.,  §  6,  Cor.  5,  that 
the  series  Zeisn+i  is  divergent.     Or  we  may  use  Stirling's  Theorem.    Thus, 
when  n  is  very  great,  we  have  very  nearly 
(ij^i=2(2nl)V2^(n!)*, 

=2[{  V(2ir2«)  (27t/e)3»}/{2«-(2T»)  (n/^^}]', 
=  2/ir7i. 

The  convergence  of  Zc^sm+i  is  therefore  comparable  with  that  of  SI/ti,  which 
is  divergent 

Hence  the  continued  firaction  in  question  converges. 

Example  2. 

.    as    jc"   a? 

a+ — : .  .  . 

a+  a+  a+ 

oscillates  or  converges  according  as  a;>l  or  >  1. 

Example  3. 

12     3 
2+  3+4+  '  *  ' 
Here  Lon-i  OnlK = M?^  -  i  )»/(^ +!)=<»> 

therefore  the  fraction  is  convergent 

§  16.]  There  is  no  comprehensive  criterion  for  the  con- 
vergence of  fractions  of  the  second  class;  but  the  following 
theorem  embraces  a  large  number  of  important  cases  : — 

If  an  infinite  continued  fraction  of  the  second  doss  of  the  form 

VOL.  II  2  I 
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be  such  that 

an>K-^l  (2) 

for  all  values  of  n,  it  converges  to  a  finite  limit  F  not  greater  than 
unity. 

If  the  sign  >  occur  at  least  among  the  conditions  (2),  then  F  <  1. 
If  the  sign  =  alone  occur,  then  F  =  1  -  1/S,  where 

S  =  1  +  J,  +  ^s^a  +  K^aK  +  .    .    .   +  bah  .  .  .  6n  +  •    •    •    a<i  oo      (A), 

so  that  F=  or  <1   according  as  the  series  in  (A)  is  divergent  or 
convergent. 

These  results  follow  from  the  foUowing  characteristic  pro- 
perties of  the  restricted  fraction  (1): — 

Pn-Pn-i^hK"-K  (3); 

Pn^h  +  Ms  +  KKh  +  .  .  •  +hb^.,.bn  (4); 

qn^l+h  +  hh-^  '    '    '   +hK'"  K  (6); 

qn'-Pn>qn-x-Pn-i^  -    -    •  >5.-i'«>l  (7). 

To  prove  (3)  we  observe  that 

Hence,  since  p^,   qn  are  positive  and  increase  with   n  (§  2, 
Cor.  1), 


Pn-Pn-iihiPn-i-Pn-,), 
Pn'i-Pn-9^K-i{Pn~i-Pn-a)y 


acc.  as  an>bn+  1  ; 
ace.  as  On-i  ^  &n-i  +  1 ) 


P»-Pa^KK-  acc.  as  a8>6a+  1. 

Therefore  Pn-Pn-i^hh-  --Kj  where  the  upper  sign  must 
be  taken  if  it  occur  anywhere  among  the  conditions  to  the  right 
of  the  vertical  line. 

To  prove  (4),  we  have  merely  to  put  in  (3)  n-1,  n-2, 
.  .  .,  3  in  place  of  w,  adjoin  the  equation  ^,  =  6„  and  add  all 
the  resulting  equations. 

(5)  and  (6)  are  established  in  precisely  the  same  way. 

It  follows,  of  course,  that  p^  and  qn  both  remain  finite  or 
both  become  infinite  when  n  =  oo ,  according  as  the  series  in  (6) 
is  convergent  or  divergent. 
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To  prove  (7),  we  have 

Qn  -Pn  =  <hi{qn-i  -Pn-i)  "  K{qn-a  -^n-«), 

according  as  a„>  6^  +  1,  provided  g'n-i  -i'n-i  is  positive. 

This  shows  that,  if  any  one  of  the  relations  in  (7)  hold,  the 
next  in  order  follows.  Now  q9-Pa  =  (h-f>a^^f  according  as 
fl^i^^5r+  1;  and  q3-Pi  =  a^a^'-%-bta3>{a,-b^){b^+  l)-b^>(a,-b^) 
+  K{<^a  ~  ^«  ~  1)»  according  as  o^  >  ftg  +  1 ;  hence  the  theorem.  It 
is  important  to  observe  that  the  first  >  that  occurs  among  the 
relations  aa>68+  1,  a3>63+  1,  .  .  .  determines  the  first  >  that 
occurs  among  the  relations  (7) :  all  the  signs  to  the  right  of  this 
one  will  be  = ,  all  tho^e  to  the  left  >. 

The  convergency  theorems  for  the  restricted  fraction  of  the 
second  class  follow  at  once.  In  the  first  place,  as  we  have 
already  seen  in  §  3,  the  convergents  to  (1)  form  an  increasing 
series  of  positive  quantities,  so  that  there  can  be  no  oscillation. 
Also,  since  qn'-pn>lyit  follows  that 

Pn/qn<l-l/qn  '  (8). 

Therefore,  since  qn>  1,  it  follows  that  F  converges  to  a  finite 
limit  :^1. 

If  the  sign  >  occur  at  least  once  among  the  relations  (2), 
the  sign  <  must  be  taken  in  (8);  that  is,  r<  1. 

If  the  sign  =  occur  throughout,  we  have 

Lp„/^„  =  l-Ll/y,=  l-l/S, 

where  S  is  the  sum  to  infinity  of  the  series  (6).     Hence,  if  (6) 
converge,  F  <  1 ;  if  it  diverge,  F  =  1. 

If  we  dismiss  from  our  minds  the  question  of  convergency, 
and  therefore  remove  the  restriction  that  b^,  \,  .  .  .,  bn  he 
positive,  but  still  put  a^  =  i«  +  1,  On-i  =  ^n-i  +  1,  •  •  •,  ^  =  &8  +  1| 
a,  =  6g  +  1,  we  get  by  the  above  reasoning 

Pn/qn=l-'l/qn  {S'h 

qn=l+h  +  bA+'   .   .+M3...^n  (6'). 
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Now  (8')  gives  us  qn==  l/{l  -Pn/Qn)-     Hence  the  following 
remarkable  transformation  theorem  : — 

Cor.  1.  If  b^,  .  .  ^,  &n  be  any  quantities  whatsoever^  then 

1  +  6,  +  6j,^»3  +  .  .  .  +  h^h^ ,.  .bn 

I-  b,+  l-  b,+  l-   '    '   '  bn+l      ^  ^' 

from  which,  putting  Ui  =  bg,  Ug  =  bfbi,  .  .  .,  «*n  =  ^«^»- •  •  ^n+i> 
we  readily  derive 

1  +  tt,  +  ttg  +  .    .    .  +  ttn 

1  W,  ?fg  tt,i^  ^8^4 

~  1  .-    1  +  tti  -  Wi  +  Wj  -  ttj  +  tta  -  ■"&  +  ^4  - 

an  important  theorem  of  Eider's  to  which  we  shall  return 
presently. 

INGOMMENSURABILriY  OF  CERTAIN  CONTINUED  FRACTIONS. 

§  17.]  Ifa^,  tta, .  .  .,  On,  6g,  6a, .  .  . ,  J„  be  all  positive  integers^ 
then 

I.  The  infinite  continued  fraction 

b»     J^_  Jn^  /^x 

«»+  aa+  '  *  *  an+  '  '  ' 
converges  to  an  incommensurable  limit  provided  thai  after  some  finite 
value  of  n  the  condition  an-^b^  be  always  satisfied, 

II.  The  infinite  continued  fraction 

J«_A.  .  .-^.  .  .  (2) 

converges  to  an  incommensurable  limit  piovided  that  after  some  finite 
value  of  n  the  condition  a^'ibn+X  be  always  satisfied,  where  the  sign 
>need  not  always  occur  but  must  occur  infinitely  often,* 

To    prove    II.,   let    us    first    suppose   that  the   condition 
dn'i^bn-^  1  holds  from  the  first     Then  (2)  converges,  by  §  16, 

*  These  theorems  are  due  to  Legendre,  ^l&ments  de  Go&nUtriCy  note  iv. 
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to  a  positive  value  <  1.     Let  us  assume  that  it  converges  to  a 
commensurable  limit,  say  A,/Ai,  where  Aj,  A,  are  positive  integers, 
and  Ai>  Ag. 
Let  now 

Since  the  sign  >  must  occur  among  the  conditions  a,  >  is  +  1> 
a^^h^  + ly  .  .  .,  ps  must  be  a  positive  quantity  <1.  Now,  by 
our  hypothesis, 

KlK  =  h/{aa-pz)y 
therefore  p^  =  (^a^  -  K^i)lKi 

=  A3/X,,  say, 

where  A,  =  a.  A,  -  5,  A^  is  an  integer,  which  must  be  positive  and 
<  Ag,  since  p,  is  positive  and  <  1. 
Next,  put  j^      j^ 

Then,  exactly  as   before,  we  can  show  that  pt^K/K^  where 
A4  is  a  positive  integer  <  Aj^ 

Since  the  sign  >  occurs  infinitely  often  among  the  conditions 
fhi'iK+^y  ^^19  process  can  be  repeated  as  often  as  we  please. 
The  hypothesis  that  the  fraction  (2)  is  commensurable  therefore 
requires  the  existence  of  an  infinite  number  of  positive  integers 
^i>  Ki  ^>  ^>  •  •  •  such  that  A,>Aa>A3>A4>  .  .  .;  but  this  is 
impossible,  since  A^  is  finite.     Hence  (2)  is  incommensurable. 

Next  suppose  the  condition  an>bn+l  to  hold  after  n  =  m. 
Then,  by  what  has  been  shown. 


is  incommensurable. 

Now  we  have 

consequently           F  =  (;*m-y)Pm.i 

r-J>mPm-a 

_Pm-yPm-i 

qm-yqm-i 
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where  Pm/^mj  Pm-i/^m-i  are  the  ultimate  and  penultimate  con- 
vergents  of 

a^-  a^-  '  '  '  Um' 
It  results  from  (3)  that 

y{'Pqm-i-Pm-0  =  'Pqm-Pm  (4). 

Now  Vqm-i-Pm-i  and  Fq^n-Pm  cannot  both  be  zero,  for 
that  would  involve  the  equality  Pmlqm=Pm-ilqm'i}  which  is 
inconsistent  with  the  equation  (2)  of  §  3.  Hence,  if  F  were 
commensurable,  (4)  would  give  a  commensurable  value  for  the 
incommensurable  y,     F  must  therefore  be  incommensurable. 

The  proof  of  L  is  exactly  similar,  for  the  condition  an^b^ 
secures  that  each  of  the  residual  fractions  of  (1)  shall  be  positive 
and  less  than  unity. 

These  two  theorems  do  not  by  any  means  include  all  cases 

of  inconmiensurability  in  convergent  infinite  continued  fractions. 

1"     3'     6* 
Brouncker's    fraction,  for   example,    1  +  ^^ —  - —  - —  .  .  . , 
'  ^^  2+2+2  + 

converges  to  the  incommensurable  value  4/7r,  and  yet  violates  the 

condition  of  Proposition  I. 

CONVERSION   OF  SERIES  AND   CONTINUED  PRODUCTS   INTO 
CONTINUED  FRACTIONS. 

§  18.]  To  convert  the  series 

t*i  +  t*g  +  .  .  .  +  Wrt  +  .  .  . 
into  an  ^^  equivalent*'  contintied  fraction  of  the  form 

a,"  a^-  '  '  '  ttn-  '  '  ' 

A  continued  fraction  is  said  to  be  ^^  equivalent "  to  a  series 
when  the  nth  convei^ent  of  the  former  is  equal  to  the  sum  of  n 
terms  of  the  latter  for  all  values  of  n. 

Since  the  convergents  merely  are  given,  we  may  leave  the 
denominators  g,,  g,,  .  .  .,  g^  arbitrary  (we  take  go=l>  as 
usual). 
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For  the  fraction  (1)  we  have 

Vfikn-Pn-ikn-i  =  ^^s  •  •  •  *n/?n-i?n  (2); 

Since 

Pnlqn  =  U,+U,+  .    .    .   +t4„  (5), 

we  get  from  (2)  and  (5) 

Un  =  b,b^,.  .bn/qn-^qn, 

^n-i  =  *i^«-  •  •  bn-i/qn-»qn-ij 

(6). 
u,  =  bybjq,q^, 
u,  =  b,lq,. 

From  (6),  by  using  successive  pairs  of  the  equations,  we  get 

b,  =  q,u,,    b^  =  q^u,/u,,    b^=^q^u^/q,u^,    .  .   .,    b^^  q^u^jq^.^u^.^ 

(7). 
Combining  (3)  with  (7),  we  also  find 

«n  =  qni'i^n  - 1  +  Un)lqn  - 1  «n  - 1      (8)- 

Hence 

gnK-i  +  ^n)/?n-it*n-i 

It  will  be  observed  that  the  g's  may  be  cleared  out  of  the 
fraction.  Thus,  for  example,  we  get  rid  of  jj  by  multiplying 
the  first  and  second  numerators  and  the  first  denominator  by 
l/^j,  and  the  second  and  third  numerators  and  the  second 
denominator  by  ^i ;  and  so  on.  We  thus  get  for  S^  the 
equivalent  fraction 

which  may  be  thrown  into  the  form 
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This  formula  is  practically  the  same  aa  the  one  obtained 
incidentally  in  §  16;  it  was  first  given,  along  with  many  applica- 
tions, by  Euler  in  his  memoir,  "De  Transformatione  Serierum 
in  Fractiones  Continuas,"  Opuscuia  Analytica,  t  il  (1785). 

It  is  important  to  remark  that,  since  the  continued  fraction 
(10)  or  (11)  is  equivalent  to  the  series,  it  must  converge  if  the 
series  converges,  and  that  to  the  same  limit. 

By  giving  to  t^,,  w^,  .  .  .,  ««  various  values,  and  modifying 
the  fraction  by  introducing  multipliers  as  above,  we  can  deduce 
a  variety  of  results,  among  which  the  following  are  specially 
useful : — 

v^x  +  v^^-\-  .  .  .  +t?„af* 

VyX       v;x  v,V:,x  v„-.v„aj         , 


(13); 


1  -  Vi  +  v^a:  -  Vj  +  rgX  - 

'  Vn-i  +  «?n» 

X     (xf                 a^ 
-  +  — +  .  .  .  +  — 

X         v*x            v^x 

Vn-*X 

Vj-  v^x  +  v^-  v^x  +  v^- 

'    'Vn-ii^  +  Vn 

^•>r  1   ^'^V  V                  1  ^»^»---^»^« 

b^       b^b,                    b,o^,..bn 

a^x      b^a^x         b^a^x 

bn-ia^x 

bi-  bt  +  OtX-  b^  +  Oj^x-  '  '  '  bn  +  a^x 

Example  1.  If  -lT<a5<jT,  then 

tan-^=aj-a»/8+a*/6-af/7+.  .  ., 
X       l«a^        Sh^         6V 


(14). 


1+  3-ar»+  6-8aj2+  7-5x2+'  •  •» 
and,  in  particular, 

ir_  1      1'     3»     5' 
4~1+  2+  2+  2+  •  •  •' 

which  is  Brooncker's  formnla  for  the  qnadratore  of  the  circle. 

Example  2.  If  a;<l, 

(l+x)^=l  +  ^      Mm- 1)3?         2(m-2)g         3(m-3)a; 
V  ^  >         ^1-  2  +  (m-l)a;-  3  +  (m-2)x-  4  +  (m-8)a:- 
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Also,  ifm>-l, 

■"    "^1-  m  +  1-  m  +  1-  m+1.-   '  '  *  ' 
and,  if  m>0, 

-      m_  l(m-l)  2(m-2)  8(m-8) 
""    ~1+  8-W+  5-m+  '7-WI+ 

§  19.]  The  analysis  of  last  paragraph  enables  us  to  construct  a 
continued  fraction,  say  of  the  form  (1),  whose  first  n  convergents  shall 
he  any  given  quantities  f^,  /,,  .  .  .,  /»  respectively. 

All  we  have  to  do  is  to  replace  t*i,  t*,,  .  .  .,  tt»  in  (10)  or 
(11)  by/,,  /,-/„    .  .  .,    /n-/n-i  respectively. 

The  required  fraction  is,  therefore, 

1-  /.-  /.-/.-     /«-/.- 

v/n-g  —/n-a)  (/n  ~/n-i)       (15). 
fn^fn-i 

Cor.  £re72(^  «»  can  express  any  continued  product,  say 


Pn  = 


did, . .  .  rfn 


^1  ^8  •  •  •  ^n 

05  a  om/tnt^^d  fraction. 

We  have  merely  to  put /i  =  d,/gi, /g  =  d,dyei«a,  .  .  .,  effect 
some  obvious  reductions,  and  we  find 

p  ^  ^  gi(d,-g,)  d,g,(d,-e,)  daea(d,~g,)(d,~g,)  d,e^{d^- e^)  {d,- e,) 
^    «,-      da-     dgda-tfjCj-       dsd^-gs^^-  d^d^-e^e^- 

dn-idn"~  ^n-i^ 

§  20.]  Instead  of  requiring  that  the  continued  fraction  be 
equivalent  to  the  series,  or  to  the  function  f{n,  x),  which  it  is  to 
represent,  we  may  require  that  the  sum  to  infinity  of  the  series 
(or/(oo',  X) )  be  reduced  to  a  fraction  of  a  given  form,  say 

1  - 1  -  rr  •  •  •  1  _-  •  •  •  ^^h 

where  p^,  jS,,  .  .  .,  j8„  are  all  independent  of  x. 

There  is  a  process,  originally  given  in   Lambert's  Beytrage 

*  A  similar  formula,  given  by  Stem,  Crdle's  Jour,,  x.,  p.  267  (1838),  may 
be  obtained  by  a  slight  modification  of  the  above  process. 
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(th.  ii.,  p.  75),  for  reducing  to  the  form  (1)  the  quotient  of  two  conr 
vergent  series,  say  F(l,  x)/F(0,  x). 

We  suppose  that  the  absolute  terms  of  F(l,  x)  and  F(0,  x)  do 
not  vanish,  and,  for  simplicity,  we  take  each  of  these  terms  to  be 
1.     Then  we  can  establish  an  equation  of  the  form 

Y{l,x)-¥{0,x)  =  p,x¥(2,x)  (2,), 

where  F(2,  x)  is  a  convergent  series  whose  absolute  term  we 
suppose  again  not  to  vanish,  and  jS^  is  the  coefficient  of  x  in 
F(l,  x)  -  F(0,  x),  which  also  is  supposed  not  to  vanish.* 
In  like  manner  we  establish  the  series  of  equations 

F{2,x)-F{l,x)  =  p,xY{3,x)  (2.), 

F(3,x)-F{2,x)  =  p,xF{i,x)  (2.), 


F{n  +  1,  x)-  F{n,  x)  =  pn-^,xF{n  +  2,  x)      (2^+,). 

Let  us,  in  the  meantime,  suppose  that  none  of  the  functions 
F  becomes  0  for  the  value  of  x  in  question.     We  may  then  put 

G(w,  x)  =  F(w  +  1,  x)IF{n,  x)  (3), 

where  G(7^  2;)  is  a  definite  function  of  n  and  x  which  becomes 
neither  0  nor  00  for  the  value  of  a;  in  question. 
The  equation  (2»+i)  may  now  be  written 

G(w,  x)  -  1  =  /?n+ia:G(n  +  1,  x)G{n,  x), 
that  is,  G(n,  x)  =  1/{1  -  /3n+,xG(n  +  1,  x)}  (4). 

If  in  (4)  we  put  successively  n  =  0,  n=  1,  .  .  .,  we  derive 
the  following : — 

1 I         _  Pn+i^  Pn+m^ /y»\ 

G{n,z)      1-     •  •  •  l-(l-l/G(«  +  »n,a;))    ^  ^" 

*  The  yanishing  of  one  or  more  of  these  coefficients  would  lead  to  a  more 
general  form  than  (1),  namely, 

1  -      1  -     *  •  '     ' 
General  expressions  have  been  found  for  ^,  /3i,  .  .  .  by  Heilermann,  Ordle^s 
Jour.  (1846),  and  by  Muir,  Proc.  L.M.S.  (1876). 
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In  order  that  we  may  be  able  to  assert  the  equality 

6(0.«)-i^fr---f3---'^'ioo  (7). 

it  is  necessary,  and  it  is  sufficient,  that  it  be  possible  by  making 
m  sufficiently  great  to  cause  1  -  1/G(«,  x)  to  differ  from  the  mth 
convergent  of  the  residual  fraction 

-J-      y-     .    .    .    -y—    ...  (8) 

by  as  little  as  we'please. 

Let  us  denote  the  convergents  of  (8)  by  Pi/qi,  Ps/Qat  •  •  •> 
Pm/qmr     Then,  from  (6),  we  see  that 

{1  -  1/G(«,  X)}-Prnlqm 

^Pm  -Pm-x{^  -  1/G(n  +  m,  g)}    p^ 
qm  -  qm-Ai  -  1/G(n  +  w,  x)}    qm ' 

_  {1  -  l/Gjn  +  m,  g)}(i?m/gm-;^m-i/gm-i)  /qv 

^  {1  -  1/G(7l  +  771,  fl;)}ffn-f i^n+.  ■  »  >  Pn+m^         /j^x 
^m[?m-^m-i{l-l/G(w  +  W,  a;)}]  ^      ^* 

The  necessary  cmd  sufficieni  condition  for  the  subsistence  of  (7)  «s, 
therefore^  that  the  right-hand  side  of  (9),  or  of  (10),  shall  vanish 
when  m  =  00 . 

Concerning  these  conditions  it  should  be  remarked  that  while 
either  of  them  secures  the  convergence  of  the  infinite  continued 
fraction  in  (7),  the  convergence  of  the  fraction  is  not  necessarily 
by  itself  a  sufficient  condition  for  the  subsistence  of  the  equation 

(7)- 

In  what  precedes  we  have  supposed  that  none  of  the  fanc- 
tions  F(w,  X)  vanish.  This  restriction  may  be  partly  removed 
It  is  obvious  that  no  two  consecutive  F's  can  vanish,  for  then  (by 
the  equations  (2))  all  the  preceding  F's  would  vanish,  and  G(0,  x) 
would  not  be  determinate.  Suppose,  however,  that  F(r  +  1,  sb')  =  0, 
so  that  G(r,  a;')  =  0 ;  then  (5)  furnishes  for  G(0,  x')  the  closed 
continued  fraction 
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In  order  that  this  may  be  identical  with  the  value  given  by 
(7),  it  is  necessary  and  sufficient  that  G(r+  1,  x'\  as  given  by 
(6),  should  become  oo,  that  is,  it  is  necessary  and  sufficient  that 
the  residual  fraction 

^;-*-^^-'^.  ..adoo 

should  converge  to  1 ;  but  this  condition  will  in  general  be 
satisfied  if  the  relation  (4)  subsist  for  all  values  of  n,  and  the 
condition  (9)  be  also  satisfied  when  n<tr  +  2. 

§  21.]  Ab  an  example  of  the  process  of  last  paragraph,  let 

X  of 

F(n,  a;)  =  1  +  -r-. +  —7 r-. , .  +  .  .  .     (11). 

^       '  l!(y  +  7i)     2!(7  +  »)(7  +  n+ 1)  ^     ' 

Then 

F(n.l..)-F(n,.)=-^^^^^J^^^^^F(..2..)    (2'); 
and 

where  G(«,  x)  =  F(»  +  1,  !r)/F(«,  x). 

Hence 
0/0  T^  -  J-  '^Mr-U)  '^/(r±  Viki  l2)  a;/(y  +  n-l)(y  +  «) 

^'    ^"1+        1+        ""      1+   "        •  ■  ■  1  -  {1  -  1/G(»,  x)} 

(5'); 

and 

1 a;/(y +  n)(y +  n+  1) 

a;/(y  +  n  +  m-l)(y  +  n  +  m)     . 
l-{l-l/G(n  +  m,  a;)}        ^    ^• 

The  series  (11)  will  be  convergent  for  all  finite  values  of  x^ 
and  for  all  positive  integral  values  of  n,  including  0,  provided  y 
be  not  0  or  a  negative  integer.  Hence  we  have  obviously,  for 
all  finite  values  of  «,  LG(n  +  m^  a;)  =  1  when  m  =  oo . 

Let  us  suppose  that  x  is  positive.  Then  the  residual  con- 
tinued fraction 
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xl{y  +  n)  (y  +  71  +  1)  xl{y  +  n  +  1)  (y  +  71  +  2) 

_  __^  ^^  .   .    . 

xl{y  +  71  +  Wl  -  1)  (y  +  «  +  m) 

n •  •  •  ^^> 

is  (by  the  criterion  of  §  14)  evidently  convergent.     Hence  the 

factor  PmMm-Pm-il^m-i  in  the  expression  (9)  vanishes  w.hen 

Tn=  CO , 

Also,  since  the  ^s  continually  increase,  L^m/?m-i'*tl- 
Therefore  we  may  continue  the  fraction  to  infinity  when  x  is 

positive. 

Next  suppose  x  negative,  =  -  y  say ;  we  then  have 

6(0,  -  V)  =  —  ?Mr_±l)  y/(y  +  i)(y  +  2) 

y/(y  +  n-l){y  +  n)     .    .  . 
l-{l-l/G(n,-y)}     ^''^' 
and 

1        _yKy  +  n){y  +  n+l) 
G{n,--y)  1- 

y/(y  +  n  +  m-'  l)(y  +  71  +  771)     .  „. 
l-{l-l/G(7i  +  7;i,-y)}        ^''^• 
The  fraction  (8)  in  this  case  is  "  equivalent "  to 

1    [       y y_ y  \ 

y +  71  l^y +71+ 1  -   y  +  7l  +  2-    '    *   "   y+7l  +  7W-  J 

(8'), 
which  is  obviously  convergent  (by  §  16),  if  y  have  any  finite 
value  whatever.     Hence  the  factor  Pm/^m-Pm-i/Qni'i  belonging 
to  the  equivalent  fraction  (8)  must  vanish. 
Again,  by  §  2  (6), 

_        y/(y  +  n  +  m  -  l)(y  +  n  +  m)  y/(y  +  ti  +  tti- 2) (y +  71  +  7/1-1) 

y/(y  +  7i)(y  +  7t+l) 
1 

^  ;^  ^      1      f y :  y  ^  ^    y  1 

y +  71  + 7»  l^y +  7i  +  7?i- 1  -  y  +  n  +  m-2-    '  '  '   y  +  7ij 

(12). 
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If  only  n  be  taken  large  enough,  the  fraction  inside  the 
brackets  satisfies  the  condition  of  §  16  throughout :  its  value  is 
therefore  <  1,  however  great  m  may  be  ;  and  it  follows  from  (12) 
that  Lqm/qm-i  =  1  when  m=  od , 

Since  LG(7i  +  m,-y)=l  when  m  =  oo  ,  it  follows  that  all  the 
requisite  conditions  are  fulfilled  in  the  present  case  also. 

We  have  thus  shown  that 
r(l,  X)  ^  _!__  xjyjy^l)  xl{y+\){y  +  2) 
F(0,  2)     1+        1+  1> 

xl^^n-^l){yj.n)  ^  ^     ^^g)^ 


whence,  by  an  obvious  reduction, 
r(l,  x)  _    y  X  X 


(14), 


F(0,  x)  y+y+l+y  +  2+  '  '  '  y  +  n  + 
a  result  which  holds  for  all  finite  real  values  of  x^  except  such 
as  render  F(0,  x)  zero,*  and  for  all  values  of  y,  except  zero 
and  negative  integers. 

If  we  put  ±  af/4  in  place  of  x  in  the  functions  r(0,  «)  and 
F(l,  x\  and  at  the  same  time  put  y  =  ^,  we  get 

F(0,  -  a^/4)  =  cos x,     F(l,  -  a;'/4)  =  sin  xjx ; 

F(0,  aj'/4)  =  cosh  x,     F(l,  a;'/4)  =  sinh  xjx. 
Cor.  1.  Hencey  from  (14),  we  get  at  once 

tana;  =  - — .-    - — .  .  . ; —  .  .  .  (15): 

1-3-5-  2n+l-  ^^' 

tanha;  =  — —  —  .  .  .  ^—  .      .        (16). 

1+  3+  5+  2n+l+  ^     ^ 

Cor.  2.  The  numerical  constants  w  and  tt'  are  incommensurable. 
For,  if  w  were  commensurable,  7r/4  would  be  commensurable, 
say  =  X/fjL,     Hence  we  should  have,  by  (15), 

*  In  a  sense  it  will  hold  even  then,  for  the  fraction 

7l^     7+1+7  +  2+  / 

which  represents  F(0,  x)IF{lf  x)  will  converge  to  0.  Of  course,  two  consecu- 
tive functions  F(7i,  x\  F(n  +  1,  x)  cannot  vanish  for  the  same  value  of  z ; 
otherwise  we  should  have  F(oo ,  a:)=0,  which  is  impossible,  since  F(oo  ,x)  =  l. 
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1-3-    6-    "'271+1- 


(17). 


/A  -      3/A  -     5/A  -      *     '     '     (2»  +  1)/A  -    ' 

Now,  since  A  and  /*  are  fixed  finite  integers,  if  we  take  n  large 
enough  we  shall  have  (2n+  1)/a>  A'+  1.  Hence,  by  §  17,  the 
fraction  in  (17)  converges  to  an  incommensurable  limit,  which 
is  impossible  since  1  is  commensurable. 

That  TT*  is  also  incommensurable  follows  in  like  manner  very 
readily  from  (15). 

By  using  (16)  in  a  similar  way  we  can  easily  show  that 
Cor.  3.  Any  commensurable  power  of  eis  incommensurable,* 
§  22.]  The  development  of  last  paragraph  is   in  reality  a 
particular  case  of  the  following  general  theorem  regarding  the 
hypergeometric  series,  given  by  Gauss  in  his  classical  memoir 
on  that  subject  (1812)t : — 
K 

1?/      a  X      1         «iS    •     a(a+l)jS08  +  .l). 

F(a,Ay,^)  =  l-^-y^a;i-    \,2.y(yCl)    ^•^••- 

G(a,  ft  7,  rr)  =  r(a,  /?  +  1,  y  +  1,  a;)/F(a,  ft  y,  x), 

P/      R         ^\-     ^      A^J    ft«  ftn« 

^^Sft  r,a;;-j_^_   l-  •  *  *  l/G(a  +  7i,/?  +  n,y+2n) 

(18), 
lyhere 

o    _a(y-^)  (^-M)(y-fl-a) 

•'^^"  7(7+1)'  '^"^     (7+l)(7  +  2)     ' 

_(a+l)(yH-i8)  '  _(^+2)(y4-2-a) 

P^-     (y4-2)(y-f3)    '    ^  ^^^       (7  +  3)(7  +  4)    ' 

_(a-fn-l)(y  +  n-l-/?)  (/3  +  w)(y  +  7l-a) 

^*«*-i-   (y  +  2n-2)(y  +  2n-l)'     ^"~     (y  +  2w- l)(y  +  2n)' 

*  The  results  of  this  paragraph  were  first  given  by  Lambert  in  a  memoir 
which  is  very  important  in  the  "history  of  continued  fractions  {Hist,  d,  L  Ac. 
Moy.  d.  Berlin,  1761).  The  arrangement  of  the  analysis  is  taken  from  Legendre 
{I.e.),  the  general  idea  of  the  discussion  of  the  convergence  of  the  fraction 
from  Schlcimilch.  t  Werke,  Bd.  iii.,  p.  184. 


and 
then 
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After  what  has  been  done,  the  proof  of  this  theorem  should 
present  no  difficulty. 

The  discussion  of  the  question  of  convergence  is  also  com- 
paratively simple  when  x  is  positive ;  but  presents  some  difficulty 
in  the  case  where  x  is  negative.  In  fact,  we  are  not  aware  that 
any  complete  elementary  discussion  of  this  latter  point  has  been 
given. 

Cor.  If  in  (18)  we  put  /3  =  0,  arid  write  y  -  1  in  place  of  y,  we 
get  the  transformation 

y        y(y  +  1)         y(y  +  l)(y  +  2) 


^jyjn 


where 

7  7(y  + 1) 

.^    {a  +  n-l)(y  +  n-2)  n(y+»-l-a) 

'^*""'     (7  +  2n-3)(7  +  2»-2)'     '^*"    (y  +  2»- 2)(y  +  2»- 1)* 

Gauss's  Theorem  is  a  very  general  one;  for  the  hypergeometric 
series  includes  nearly  all  the  ordinary  elementary  series. 

Thus,  for  example,  we  have,  as  the  reader  may  easily  verify, 

log(l+a;)  =  a;F(l,  1,  2,-!r)j 

sinh  X  =  a;  L     L  F(A,  if,  |,  x^iMf) ; 

ifc=a,  if =co    • 

sin  z  =  a;  L      L  F{k,  k\  f ,  -  x'/ikJc') ; 

sm-'x  =  x¥a,H3f);    . 

=  a!^/(l-aOF(l,  l,f,aO; 
tan-ia;  =  a;Fa-,  1,  g.-aO- 
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EXEBOISES  XXXIY. 
Examine  the  conveigence  of  the  following : — 

/QM4.ill"-2"  2».3«  1    1.2  2.3 

(K  \  1  4._L  -2.  J_  *  (s)  ^^  {m+n)*  (m+2ny 

^o.M  +  i^  1^  1^-  •  •     ■  ^""'^  n+      71+  n+      •  •  •     • 

fj.^,    1*    2*    8*  1.8  8.6  6.7 

/Q  X  _2_  1^8  2U  8^6  ..Q.    2     2'     2*     2* 

^'^1+1+1+1+**'     *  ^    •'  1+ 1+ 1+  i  +  -  •  •     • 

(11.)  Show  that  the  fraction  of  the  second  class,  oi---^  —^  .  .  .,  con- 

02-  os- 
verges  to  a  positive  limit  if,  for  all  values  of  n, 

oa/fti 6a + 08/^2 Js  +  .  .  .  +an+iftnh^i>l. 

(Stem,  am,  Nach.,  1846.) 

(12.)  Show  that  —  —  — .  .  .,  where  an>0,  converges  if  <35,»fi>a»+ 1. 
ai-  oa-  os-  o  «T 

(13.)  Show  that  the  series  of  fractions  (Pn-Pn^iiliqn-qn-i)  forms  a 
descending  BenoA  of  convergents  to  the  infinite  continued  fraction  of  the  second 
class,  provided  an>&n+l)  and  the  sign  >  occurs  at  least  once  among  these 
conditions. 

(14.)  Show  that 

X  X  X 

jc+l-  aj+1-  aj+1-  ' 
where  a!>0,  is  equal  to  a;  or  1  according  as  a:<or •<  1. 

(16.)  Evaluate  -L-L.-L..  ..; 

and  '^        ^"^^     ^"^^ 


m  +  1-  m+2-  m  +  8- 
where  m  is  any  integer. 

Show  that 

^fi^  l+?4.?!(£±i)+  ,.,    g     (g-H)&    (g+2)(&+l) 

^^        6     6(6+1)  6-a+6+2-    a  +  6  +  4-    •"•     ' 

(17.)smaj-— j-^-^j^^-^^g-,.-^^..  .     . 

(18.)  log(l+«)=-^-i:^  -^-     ^^     .... 
^      ''    ^^      ^    l+2-.aj+3-2a;+4-8a:+ 

*  Exercises  (6)  to  (10)  are  taken  from  Stem's  memoir,  OrelU*a  Jour,,  xxxviL 
VOL.  n  2  K 
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1*     2"     8* 

H-a;_  X        Ihi         2«a;         Shi 
(20.)  log    ^       l+2a;-l+8aj-2+ 4aj-3+'  '  ■     ' 

^    '-'     ^^     1-    4(y«+y+l)-4(2y2+y+2)--  *  • 

(2n-l)«(y'-l)« 
4(»y2+y+»)-  •  •  *     • 
(22)  «*  =  J-      g  a?  2a;         8a; 

1-  1+aj- 2+aj- 8+aj- 4+a;- *  *  *     * 

Evaluate  the  following : — 

(28.)l+j35^j3g3g3.  .  .     .         {2A,)—  —  —  —  ..,     . 

(26.)JLi!-^il....     .  (26.)^-?-J__L...     . 

^      '  1+1+  1+1+  ^     '  2+  3+4+6  + 

(27.)  Show  that  tan  X  and  tanha;  are  inoommensurable  if  a;  be  commen- 
aorable. 

Establish  the  following  transformations  : — 

^      -^  1-1+2-3+2-6+2-7+''*     * 

/on  N  1      M  .     X  .    «     1^  1^  2*B  2%B   8*aj  8%B 

(29.)  log(l+x)  +  j^  ______...     . 

(80.)tan-a;=-^l^|^|^...    . 
^      '  1+8+   6+   7  + 

tanh  ia;=_  —  __...    . 

(31 )  tan7W  =  ^^H^  (ti«-l«)tan«g  .(n«-2«)ten«g 
^     •'  1-  8-  6- 

(Euler,  Mem,  Acad,  PeL,  1818.) 

(82.)  ?g^^J)g=2co9g-,     ^        — 1 

sinna;  2cosx-  2co8a;- 

where  there  are  n  partial  quotients. 

(33.)  If 
0{a,  A  %  «) 

-l+(g"-l)(/-l)^j(g"-l)(g"'^'-l)(/-l)(/"^^-l)^, 

(g-i)(j^-l)        (g-l)(?'-i)(g''-i)(?^"^'-l) 


then 


^1  ?.±-^»jy±.^»5) = J- ft?  ^ 

^a,/3,7,aj)  l-l-l-' 


Digitized  by 


Google 


XXXIV  EXERCISES  XXXIV  499 

where 

(Heine,  C^eZ20'« /our.,  xzxii.) 
(34.)  Show  that 

\         ^2(a-l)+2(a-l)+2(a-l)+ •  •'/ 

\  2(a+l)+2(a  +  l)+2(a+l)i+'  *  7' 

Wallis  (see  Muir,  PhU,  Mag,,  1877). 
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CHAPTEE   XXXV. 
General  Properties  of  Integral  Numbers. 

NUMBERS  WHICH  ARE  CONGRUENT  WITH  RESPECT  TO  A 
GIVEN  MODULUS. 

§  1.]  If  m  he  any  positive  integer  whatever,  which  we  caU  the 
modutuSy  two  integers,  M  and  N,  which  leave  the  same  remainder 
when  divided  by  m  are  said  to  he  congruent  with  respect  to  the 
modulus  m* 

In  other  words,  if  M  =  pm  +  r,  and  N  =  gm  +  r,  M  and  N  are 
said  to  be  congruent  with  respect  to  the  modulus  m.  Gauss, 
who  made  the  notion  of  congruence  the  fundamental  idea  in  his 
famous  DisquisUiones  Arithmeticoe,  uses  for  this  relation  between 
M  and  N  the  symbolism 

M  =  N(mod  m) ; 
or  simply  M  =  N, 

if  there  is  no  doubt  about  the  modulus,  and  no  danger  of  con- 
fusion with  the  use  of  =  to  denote  algebraical  identity. 

Cor.  \,  If  two  numhers  M  and  N  be  congruent  with  respect  to 
modulus  m,  then  they  differ  by  a  multiple  of  m  ;  so  that  toe  have,  say, 
M  =  N+pm. 

Cor.  2.  If  either  M.or'N  have  any  factor  in  common  with  m, 
then  the  other  must  also  have  thai  factor  ;  and  if  either  he  prime  to  m, 
the  other  must  he  prime  to  m  also. 

In  the  present  chapter  we  shall  use  only  the  most  elementary 
consequences  of  the  theory  of  congruent  numbers. 

*  To  save  repetition,  let  it  be  understood,  wlien  nothing  else  is  indicated, 
that  thronghont  this  chapter  every  letter  stands  for  a  positive  or  negative 
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Our  object  here  is  simply  to  give  the  reader  a  conspectus 
of  the  more  elementary  methods  of  demonstration  which  are 
employed  in  establishing  properties  of  integral  numbers ;  and  to 
illustrate  these  methods  by  proving  some  of  the  elementary 
theorems  which  he  is  likely  to  meet  with  in  an  ordinary  course 
of  mathematical  study.  Further  developments  must  be  sought 
for  in  special  treatises  on  the  theory  of  numbers. 

§  2.]  li  we  select  any  "modulus"  m,  then  it  follows,  from 
chap,  iii.,  §  11,  that  ail  integral  numbers  can  he  arranged  into 
su4xessive  groups  of  m,  such  that  each  of  the  integers  in  one  of  these 
groups  is  congruent  with  one  and  with  one  only  of  the  set 

0,1,2,  .  .  .,  (m-2),(m-l)  (A), 

or,  if  we  choose,  of  the  set 

0,  1,  2,  .  .  .,  -2,  -1  (B), 

where  there  are  m  integers. 

Another  way  of  expressing  the  above  is  to  say  that,  if  we 

take  any  m  consecutive  integers  whatever^  and  divide  them  hy  m,  their 

remainders  taken  in  order  will  be  a  cyclical  permutation  of  the 

integers  (A). 

Example.  If  we  take  m=6,  the  set  (A)  ia  0,  1,  2,  8,  4.  Now  if  we  take 
the  5  consecutive  integers  63,  64,  65,  66,  67  and  divide  them  by  5,  the 
remainders  are  8,  4,  0,  1,  2,  which  is  a  cyclical  permutation  of  0,  1,  2,  3,  4. 

§  3.]  A  large  number  of  curious  properties  of  integral  numbers 
can  be  directly  deduced  from  the  simple  principle  of  classification 
just  explained. 

Example  1.  Every  integer  which  is  a  perfect  cube  is  of  the  form  7p,  or 
7p±l.     Bearing  in  mind  that  every  integer  N  has  one  or  other  of  the  forms 

7m,     7m  ±1,    7m±2,    7m  ±3, 
also  that  (7m±r)»= (7m)»±3(7m)V+  3(7m)r»±r», 

=  (7«m»±21m«r + 3mr»)7±r*, 
=  M7±r», 
we  see  that  in  the  four  possible  cases  we  have 

N»=(7m)»=(7«m«)7; 

N'=(7m±l)»=M7±l; 

N»=(7m±2)», 

=M7±8=(M±1)7±1; 

N»=(7m±8)»=(M±4)7Tl. 
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In  every  case,  therefore,  the  cube  has  one  or  other  of  the  forma  1p  or 
7p±l. 

Example  2.  Prove  that  3*»+i  +  2»*^  is  divisible  by  7  (Wolstenholme). 
We  have  3*"+i  +  2«^«=  (7  -  4)«»+i  +  2»+a. 

Now  (see  above,  Example  1,  or  below,  §  4) 

(7-4)*^i=:M7-4*«^-i. 
Hence  S^^+i  +  2«+>= M7  -  4*h-i  +  2"+», 

=M7-2"+«(2»»-l). 

But  2*" - 1  is  divisible  by  2* - 1  (see  chap,  v.,  §  17),  that  is,  by  7.     Hence 
2"+2(2»"-l)=N7. 

Finally,  therefore,  8*^i  +  2»+-« = (M  -  N)7, 

which  proves  the  theorem. 

Example  8.  The  product  of  8  successive  integers  is  always  divisible  by 
1.2.3. 

Let  the  product  in  question  be  m{m  + 1)  (m  +  2).  Then,  since  m  must  have 
one  or  other  of  the  three  forms,  3m,  8m  +  l,  8m-l,  we  have  the  following 
cases  to  consider : — 

8m(3m+l)(3m  +  2)  (1); 

(3m  +  l)(3m+2)(8m  +  8)  (2); 

(3m-l)3m(3m  +  l)  (8). 

In  (1)  the  proposition  is  at  once  evident ;  for  8m  is  divisible  by  8,  and 
(8m  + 1)  (8m  +  2)  by  2.    The  same  is  true  in  (2). 

In  case  (3)  we  have  to  show  that  (3m- l)m(377i  +  l)  is  divisible  by  2. 
Now  this  must  be  so  ;  because,  if  m  is  even,  m  is  divisible  by  2  ;  and  if  m  be 
odd,  both  3m -1  and  3m +1  are  even;  that  is,  both  8m -1  and  8m +  1  are 
divisible  by  2. 

In  all  cases,  therefore,  the  theorem  holds. 

Example  4.  To  show  that  the  product  of  p  successive  integers  is  always 
divisible  by  1.2.8  .  .  .p. 

Let  us  suppose  that  it  has  been  shown,  1st,  that  the  product  of  any  p-1 
successive  integers  whatever  is  divisible  by  1.2.8  .  .  .  i>- 1  ;  2nd,  that  the 
product  of  ^  successive  integers  beginning  with  any  integer  up  to  z  is  divisible 
by  1.2.8  .  .  .  ~p-\,p. 

Consider  the  product  of  p  successive  integers  beginning  with  26+1.     We 
have 
(a;+l)(a;+2)..  ,  {x^p-l){x^-p) 

=^(a:  +  l)(a;  +  2)...  (a:+^-l)  +  x(a:+l)(a;+2)..  .(a;+jp-l)  .  .  .     (1). 

Now,  by  our  first  supposition,  (a;  +  l)(a;  +  2) .  .  .  (aj+jp-1)  is  divisible  by 
1.2  .  .  .  p-\  \  and,  by  our  second,  a;(x  +  l)(a;  +  2) .  .  .  (a;+jp-l)  is  divisible 
by  1.2.8  .  .  .  jtj. 

Hence  each  member  on  the  right  of  (1)  is  divisible  by  1.2.8  .  .  ,  p. 

It  follows,  therefore,  that,  if  our  two  suppositions  be  right,  then  the  pro- 
duct otp  successive  integers  beginning  with  x  + 1  is  divisible  by  1 .2.8  .  .  .p. 

But  we  have  shown  in  Example  3  that  the  product  of  8  consecutive  integers 
is  always  divisible  by  1.2.3  ;  and  it  is  self-evident  that  the  product  of  4  con- 
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secutive  integers  beginniog  with  1  is  diyisible  by  1.2.8.4.  It  follows,  there- 
fore, that  the  product  of  4  eonsecntive  integers  beginning  with  2  is  divisible 
by  1.2.3.4.  Using  Example  8  again,  and  the  result  just  established,  we 
prove  that  4  consecutive  integers  beginning  with  8  is  divisible  by  1.2.8.4 ; 
and  thus  we  finally  establish  that  the  product  of  any  4  consecutive  integers 
whatever  is  divisible  by  1.2.3.4. 

Proceeding  in  exactly  the  same  way,  we  next  show  that  our  theorem  holds 
when  p=:5;  and  so  on.     Hence  it  holds  generally. 

This  demonstration  is  a  good  example  of  ''mathematical  induction." 
Example  5.  If  a,  5,  e  be  three  integers  such  that  a^+l^=<^,  then  they  are 
represented  in  the  most  general  way  possible  by  the  forms 

a = X(m'  -  n"),     b = 2Xm»,    c = X(m' + n*). 

First  of  all,  it  is  obvious,  on  account  of  the  relation  OL^-\-l^=i^,  that,  if 
any  two  of  the  numbers  have  a  common  factor  X,  then  that  factor  must  occur 
in  the  other  also  ;  so  that  we  may  write  a=i^\  6=Xi',  csV/,  where  a',  6',  c* 
are  prime  to  each  other,  and  we  have 

a'«+6'»=c'»  (1). 

No  two  of  the  three,  a',  5',  ^,  therefore,  can  be  even ;  also  both  a'  and  h' 
cannot  be  odd,  for  then  a''+6''  would  be  of  the  form  4w+2,  which  is  an  im- 
possible form  for  the  number  c\ 

It  appears,  then,  that  one  of  the  two,  a',  5',  say  V  (=2/9),  must  be  even,  and 
that  a*  and  e'  must  be  odd.  Hence  ((^  +a')/2  and  (c'  -  a')/2  must  be  integers  ; 
and  these  integers  must  be  prime  to  each  other  ;  for,  if  they  had  a  common 
factor,  it  must  divide  their  sum  which  is  af  and  tlieir  difference  which  is  a' ; 
but  (/  and  a'  have  by  hypothesis  no  common  factor. 

Now  we  have  from  (1) 

c'»-a''=6'»=4/3», 
whence 

Therefore,  since  (c'+a')/2  is  prime  to  (cf-ay2,  each  of  these  must  be  a 
perfect  square  ;  so  that  we  must  have 

^"-m'  (8). 

p=:mn  (6), 

where  m  is  prime  to  n, 

From  (8)  and  (4),  we  have,  by  subtraction  and  addition, 

and,  from  (5),  6'=2/3=2mri. 

Returning,  therefore,  to  our  original  case,  we  must  have  generally 
a=X(m«-««).     6=2Xmw,     c=X(m»+n«). 

This  is  the  complete  analytical  solution  of  the  famous  Pythagorean 
problem— to  find  a  right-angled  triangle  whose  sides  shall  be  commensurable. 
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§  4.]  The  following  theorem  may  be  deduced  very  readily 
from  the  principles  of  §  2.  Let  f{x)  stand  for  ^f^-^-PiX+p^^  •¥ 
,  .  .  +|?na^>  where  |?o>  P\y  -  -  -t  Pn  are  positive  or  negative 
integers,  and  x  any  positive  integer ;  then,  if  x  be  congruent  wUh 
r  with  respect  to  the  modulus  m^  f(x)  will  he  congrtient  with  f{r)  wUh 
respect  to  modulus  m. 

By  the  binomial  expansion,  we  have 

=  M^m  +  T^ ; 

where  Mn  is  some  integer,  since  all  the  numbers  nCi,  nCg,  .  .  ., 
ftCn-i  are,  by  §  3,  Example  4,  or  by  their  law  of  formation  (see 
chap,  iv.,  §  14)  necessarily  integers. 
Similarly 

{qm  +  r)^'^  =  M^.^m  +  r^~\ 

Hence,  if  a;  =  ^  +  r, 

f{x)=Po+Pir+py  +  .  .  .+pnr^  +  {piM,+p^M^  +  ,  .  ,+pJ/Ln)^ 
=  /(r)  +  Mm. 

Hence /(«)  is  congruent  with  f{r)  with  respect  to  modulus  m. 

Cor.  1.  Since  all  integers  are  congruent  (with  respect  to 
modulus  m)  with  one  or  other  of  the  series 


0,  1,  2,  .  .  .,wi-l, 

it  follows  that  to  test  the  divisibilitt/  of  f(x)  by  m  for  all  integral 
values  of  a;,  we  need  only  test  th&  divisiMlUy  by  m  of  /(O),  /(I),  /(2), 
.  .  .,/(m-l). 

Example  1.  Let/[a;)=ar(aj+l)(2sc  +  l);  and  let  it  be  required  to  find  when 
/(a;) ifl divisible  by  6.  We  have/[0)=0,/[l)=6,/[2)=80,/[3)  =  84,/[4)=180, 
/[5)  =  S30.  Each  of  these  is  diyisible  by  6  ;  and  every  integer  is  congnient 
(mod 6)  with  one  of  the  six  numbers  0,  1,  2,  8,  4,  6 ;  hence  q^x+1){2x+1) 
is  always  divisible  by  6. 

Cor.  2.  f{qf{r)  +  r}  m  always  divisible  byf{r);  ior  f{qf{r)  +  r} 
=  M/(r)+/(r)  =  (M+l)/(r). 

Hence  an  infinite  number  of  values  of  x  can  always  be  found 
which  wUl'makef(x)  a  composite  number. 
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This  result  is  sometimes  stated  by  saying  that  no  integral 
function  of  x  can  furnish  jprime  numbers  only. 

Example  2.  Show  that  a^  - 1  is  divisible  by  5  if  a;  be  prime  to  5,  but  not 
otherwise. 

With  modulus  5  all  integral  values  of  a;  are  congruent  with  0,  ±1,  ±2, 
If /(a;)=«*-l,  /(0);=  -1,  /(±1)==0,  /(±2)=16.  Now  0  and  15  are  each 
divisible  by  5  ;  but  - 1  is  not  divisible  by  6.  Hence  a^~  1  is  divisible  by  5 
when  X  is  prime  to  5,  but  not  otherwise. 

Example  8.  To  show  that  a^+aj+17  is  not  divisible  by  any  number  less 
than  17,  and  that  it  is  divisible  by  17  when  and  only  when  a;  is  of  the  form 
17m  or  17m -1. 

Here 
A0)=17,    /[  +  1)  =  19,    /(  +  2)=28.    yi  +  8)=29,  /(  +  4)=87,   /(  +  6)  =  47, 
/(  +  6)  =  69,    /l  +  7)=73,    /(  +  8)  =  89,    /[-1)=17,   /l-2)  =  l9,    /l-3)  =  28, 
/l-4)  =  29,    /(-6)  =  87,    A-6)=47,    /[-7)=69,   /(-8)  =  78. 

These  numbers  &re  all  primes,  hence  no  number  less  than  17  will  divide 
sc^+a;+17|  whatever  the  value  of  x  may  be ;  and  17  wiU  do  so  only  when 
sc=ml7  or  aj=ml7  - 1. 

§  6.]  Method  of  Differefnces. — There  is  another  method  for 
testing  the  divisibility  of  integral  functions,  which  may  be  given 
here,  although  it  belongs,  strictly  speaking,  to  an  order  of  ideas 
somewhat  different  from  that  which  we  are  now  following. 

Let  fn{x)  denote  an  integral  function  of  the  nth  degree. 
fn{x  +  1)  -/n(aj)  =p,  -^pix  +  1)  +  .  .  .  ■\-pn-A^  +  l)«-i  +;?„(ar  +  1)'* 

-Po-l^x^-'    .    ^"Pn-i^-'^-Pn^      (1). 

Now  on  the  right-hand  side  the  highest  power  of  x,  namely 
a;'*,  disappears ;  and  the  whole  becomes  an  integral  function  of 
the  71-  1th  degree,  fn-\{^\  say.  Thus,  if  m  be  the  divisor, 
we  have 

fn(^+l)-'fn{x)^fn-Xx)  ,^. 

It  may  happen  that  the  question  of  divisibility  can  be  at 
once  settled  for  the  simpler  function  /n-i(«).  Suppose,  for 
example,  that  it  turns  out  that  /n-i(«)  is  always  divisible  by  m, 
whatever  x  may  be  j  then  f^Jix  +1)  -/»(«)  is  always  divisible  by 
w,  whatever  x  may  be.  Suppose,  further,  that  /n(0)  is  divisible 
by  m  j  then,  since  /n(l)  -fn{0),  as  we  have  just  seen,  is  divisible 
by  m,  it  follows  that/,|(l)  is  divisible  by  m.  Similarly,  it  may 
be  shown  that/n(2)  is  divisible  by  m;  and  so  on. 
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If  the  divisibility  or  non-divisibility  of /,»_i(a;)  be  not  at  once 
evident^  we  may  proceed  with  fn-i{x)  as  we  did  before  with 
/«(«),  and  make  the  question  depend  on  a  function  of  still  lower 
degree ;  and  so  on. 

Example  1.  fi(x)=afi-x  is  always  divisible  by  5. 

/«(a;+l)-/8(x)  =  (a;  +  l)»-(a;+l)-a^+«, 
=  5a:*+l(te9+10a!»+5a;,  . 
=  M5. 
Now  /5(1)  =  0, 

therefore  /6(2)  -/a(l)  =  Mo5, 

and  /b(2)  =  Mo5. 

Similarly,  /6(3)-/5(2)=Mi6, 

therefore  /5(3)  =  (Mo + Mi)5  ; 

and  so  on. 

Thus  we  prove  that  /5(1),  /b(2),  /o(3),  &c.,  are  all  divisible  by  5  ;  in  other 
words,  that  jb"  -  «  is  always  divisible  by  5. 


Exercises  XXXV. 

(1. )  The  sum  of  two  odd  squares  cannot  be  a  square. 

(2.)  Every  prime  greater  than  3  is  of  the  form  6n±l, 

(3.)  Every  prime,  except  2,  has  one  or  other  of  the  forms  4n±l. 

(4.)  Every  integer  of  the  form  in-1  which  is  not  prime  has  an  odd 
number  of  factors  of  the  form  in-1, 

(5.)  Every  prime  greater  than  6  has  the  form  30m +  n,  where  n=l,  7,  11, 
13,  17,  19,  23,  or  29. 

(Q.)  The  square  of  every  prime  greater  than  8  is  of  the  form  24m  + 1 ;  and 
the  square  of  every  integer  which  is  not  divisible  by  2  or  8  is  of  the  same 
form. 

(7. )  If  two  odd  primes  differ  by  a  power  of  2,  their  sum  is  a  multiple  of  8. 

(8.)  The  difference  of  the  squares  of  any  two  odd  primes  is  divisible  by  24. 

(9.)  None  of  the  forms  (3m  +  2)n^  +  3,  imn  -  m  - 1,  4mn  -  m  -  «  can  repre- 
sent a  square  integer.     (Goldbach  and  Euler. ) 

(10.)  The  nth  power  of  an  odd  number  greater  than  unity  can  be  presented 
as  the  difference  of  two  square  numbers  in  n  different  ways. 

(11.)  If  N  differ  from  the  two  successive  squares  between  which  it  lies  by 
X  and  y  respectively,  prove  that  N  -  ojy  is  a  square. 

(12. )  The  cube  of  every  rational  number  is  the  difference  of  the  squares  of 
two  rational  numbers. 

(13.)  Any  uneven  cube,  n',  is  the  sum  of  n  consecutive  uneven  numbers, 
of  which  7i'  is  the  middle  one. 

(14.)  There  can  always  be  found  n  consecutive  integers,  each  of  which  is 
not  a  prime,  however  great  n  may  be. 
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(15.)  In  the  scale  of  7  every  square  integer  must  have  0,  1,  2,  or  4  for  its 
unit  digit. 

(16.)  The  scale  in  which  84  denotes  a  square  integer  has  a  radix  of  the 
form  n(8n  +  4)  or  (n + 2)  (Sn  +  2). 

(17.)  There  cannot  in  any  scale  be  found  three  different  digits  such  that 
the  three  integers  formed  by  placing  each  digit  differently  in  each  integer 
shall  be  in  Arithmetical  Progression,  unless  the  radix  of  the  scale  be  of  the 
form  3p+l.  If  this  condition  be  satisfied,  there  are2(|7-l)  such  sets  of 
digits  ;  and  the  common  difference  of  the  A.  P.  is  the  same  in  all  cases. 

(18. )  If  aj  >  2,  jc*  -  4aj» + So*  -  2a;  is  divisible  by  12. 

(19.)  a5/5+iB*/2+aJ»/3-a;/30,  and  a:«/6+a*/2  +  5«*/12-a*/12  are  both  in- 
tegral for  all  integral  values  of  x, 

(20.), If  x^  y,  z  h&  three  consecutive  integers,  (2a:)' -82a:'  is  divisible 
by  108. 

(21. )  a:*  -  a:  is  divisible  by  6. 

(22.)  Find  the  form  of  x  in  order  that  a:*+ 1  may  be  divisible  by  17. 

(23.)  Examine  how  far  the  forms  3:^+3: +  41,  23:^  +  29  represent  prime 
numbers. 

(24.)  Find  the  least  value  of  x  for  which  2*  - 1  is  divisible  by  47. 

(26.)  Find  the  least  value  of  x  for  which  2*- 1  is  divisible  by  23. 

(26.)  Find  the  values  of  x  and  y  for  which  7*-y  is  divisible  by  22. 

(27.)  Show  that  the  remainder  of  2^*^  +  1  with  respect  to  2**  +  l  is  2. 

(28. )  3««  ~  2»^  is  divisible  by  6,  if  aj  -  y = 2. 

(29.)  Show  that  2*^+^  +  1  is  always  divisible  by  8. 

(30. )  4>«i:i  +  2*^1  + 1  is  divisible  by  7. 

(31.)  a:*^+a:*^+l  never  represents  a  prime  unless  a:=0  or  a:=l. 

(32.)  If  P  be  prime  and  =a'  +  ft^,  show  that  P"  can  be  resolved  into  the 
sum  of  two  squares  in  \n  ways  or  ^(71  + 1)  ways,  according  as  71  is  even  or  odd, 
and  give  one  of  these  resolutions. 

(83.)  If  a:*+y'=z',  a;,  y,  z  being  integers,  then  a:y2=0  (mod  60) ;  and  if  x 
be  prime  and  >3,  y  =  0  (mod  12).  Show  also  that  one  of  the  three  numbers 
s  0  (mod  6). 

(34.)  The  solution  in  integers  of  a:^  +  y^=2«'  can  be  deduced  from  that  of 
y?-{-f^=:?.  Hence,  or  otherwise,  find  the  two  lowest  solutions  in  integers  of 
the  first  of  these  equations. 

(35.)  If  the  equation  sfi  +  y^=:?  had  an  integral  solution,  show  that  one  of 
the  three  x,  y,  z  must  be  of  the  form  7m,  and  one  of  the  form  3m. 

(36.)  The  area  of  a  right-angled  triangle  with  commensurable  sides  cannot 
be  a  square  number. 

(37.)  The  sum  of  two  integral  fourth  powers  cannot  be  an  integral  square. 

(38. )  Show  that  (3  +  V^)*  +  (3  -  V^)*  "  divisible  by  2*. 

(39.)  If  a;  be  any  odd  integer,  not  divisible  by  3,  prove  that  the  integral 
part  of  4*  -  (2  +  V2)*  is  a  multiple  of  112. 

(40.)  If  n  be  odd,  show  that  l+«C4+„C8  +  „Cie  +  .  .  .  is  divisible  by 
2(n-8)/2 
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ON   THE  DIVISORS   OF  A  GIVEN   INTEGER. 

§  6.]  We  have  already  seen  (chap.  iiL,  §  7)  that  every  com- 
posite integer  N  can  be  represented  in  the  form  a*^c*'. . .,  where 
a,  by  c,  .  ,  .  are  primes.  If  N  be  a  perfect  square,  all  the 
indices  must  be  even,  and  we  have  If  =  a^'b^c^^. . . ;  so  that 

In  this  case  N  is  divisible  by  \/N. 

If  N  be  not  a  perfect  square,  then  one  at  least  of  the  indices 
must  be  odd ;  and  we  have,  say, 

so  that  N  is  divisible  by  oTl^c/.  .  .,  which  is  obviously  less 
than  n/N.     Hence 

Every  composite  number  has  a  factor  which  is  not  greater  than  its 
square  root. 

This  proposition  is  useful  as  a  guide  in  finding  the  least 
factors  of  large  numbers.  This  has  been  done,  once  for  all,  in  a 
systematic,  but  more  or  less  tentative,  manner,  and  the  results 
published  for  the  first  nine  million  integers  in  the  Factor  Tables 
of  Burckhard,  Dase,  and  the  British  Association.* 

§  7.]  The  divisors  of  any  given  number  N  =  a*ft^c''. . .  are 
all  of  the  form  a'^l^c^ . . . ,  where  a,  P',  y',  .  .  .  may  have  any 
values  from  0  up  to  a,  from  0  up  to  j3,  from  0  up  to  y,  .  .  . 
respectively.  Hence,  if  we  include  1  and  N  itself  among  the 
divisors,  the  divisors  oflf-a*l^<^,.,  are  the  various  terms  obtained 
by  distrihUing  the  product 

(1  +a  +  a'+  .  .  .  +a*) 

x(l  +  6+6'+  .  .  .  +ft^) 

x(l+c  +  c'+...+c^ 

X •     (!)• 

*  For  an  interesting  account  of  the  construction  and  use  of  these  tables, 
see  J.  W.  L.  Glaisher's  Report,  Bep,  BrU.  Assoc.  (1877). 
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Corl. 
Since 


l+a  +  a'+  .  .  .  +a  = 


l+J+6"+  .  .  .  +i^  =  ; 


8+1  _  J 


and  so  on, 

It  follows  that  the  sum  of  the  divisors  o/N  =  a'^l^c^. . .  is 

(a-l)(6-l)...  "• 

If  in(l)weputa=  1,  J  =  l,  c=  1,  .  .  .,  each  divisor,  that  is, 
each  term  of  the  distributed  product,  becomes  unity ;  and  the 
sum  of  the  whole  is  simply  the  number  of  the  diflferent  divisors. 
Hence,  since  there  are  a  +  1  terms  in  the  first  bracket,  j3  +  1  in 
the  second,  and  so  on,  it  follows  that 

Cor.  2.  The  nurriber  of  the  divisors  of  N  =  a*J^c>'.  ..  is 
(a  +  l)C8+l)(y  +  l)...      . 

Cor.  3.  The  number  of  toays  in  which*  N  =  a*6^cy . . .  can  be 
resolved  into  two  factors  is  |{  1  +  (a  +  1)  ()8  +  1)  (y  +  1) . . . },  or 
|(a  +  1)  (j8  +  1)  (y  +  1) . .  .,  according  as  'S  is  or  is  not  a  square 
nurriber. 

For  every  factor  has  a  complementary  factor,  that  is  to 
say,  every  factorisation  corresponds  to  two  divisors ;  unless  N  be 
a  square  number,  and  then  one  factor,  namely  \^N,  has  itself 
for  complementary  factor,  and  therefore  the  factorisation 
N  =  v^N  X  \^  corresponds  to  only  one  divisor. 

Cor.  4.  The  number  of  ways  in  which  N  =  a*6^c»' , ..  can  be 
resolved  into  two  factors  thai  are  prime  to  each  other  is  2^'\  n  being 
the  number  of  prim^  factors  a*,  6^,  c*',  .  . 

For,  in  this  kind  of  resolution,  no  single  prime  factor,  a*  for 
example,  can  be  split  between  the  two  factors.  The  number 
of  different  divisors  is  therefore  the  same  as  if  a,  j8,  y,  .  .  . 

*  This  result  is  given  by  Wallis  in  his  Discourse  of  Cornbinatums,  Altema- 
tionst  arid  Aliquot  Parts  (1685),  chap.  ilL,  §  12.  In  the  same  work  are  given 
most  of  the  resnlts  of  §§  6  and  7  above. 
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were   each  equal  to  unity.      Hence  the   number  of  ways   is 
Kl  +  1)(1  +  1)(1  +  1) ...  (n  factors)  =  i.  2»=  2'»-i. 

Example  1.  Find  the  di£ferent  diviBors  of  360,  their  sum,  and  their 
number. 

Wehaye860  =  2»3«6. 

The  divisors  are  therefore  the  terms  in  the  distributed  product 
(l  +  2  +  2>+2»)(l+8  +  8«.)(l  +  6);  thatistosay,  * 

1,  2,  4,  8,  8,  6,  12',  24,  9,  18,  86,  72,  6,  10,  20,  40,  15,  80,  60,  120, 
•    46,  90,  180,  860. 

Theirsumis(2*-l)(3»-l)(5»-l)/(2-l)(8-l)(6-l)  =  1170. 

Their  number  is  (1  +  8)(1+2)(1+1)=24. 

Example  2.  Find  the  least  number  which  has  80  divisors.  Let  the 
number  be  N=a*ft^c''.  There  cannot  be  more  than  three  prime  factors  ;  for 
80=2x8x6,  which  has  at  most  three  factors,  must  =(o+l)(/5+l)(7+l). 
There  might  of  course  be  only  two,  and  then  we  must  have  80=(a+ l)(/3+l) ; 
or  there  might  be  only  one,  and  then  dO=a  +  l. 

In  the  first  case  a=l,  /3=2,  7=4.  Taking  the  three  least  primes, 
2,  8,  6,  and  putting  the  larger  indices  to  the  smaller  primes,  we  have 
N=2*.8«.5=720. 

In  the  second  case  we  should  get  2^3,  2^.8^,  or  2*.  8'. 

In  the  last  case,  2^. 

It  will  be  found  that  the  least  of  all  these  is  2^.3^6 ;  so  that  720  is  the 
required  number. 

Example  3.  Show  that,  if  2**- 1  be  a  prime  number,  then  2**~^(2**- 1)  is 
equal  to  the  sum  of  its  divisors  (itself  excluded).* 

Since  2"  - 1  is  supposed  to  be  prime,  the  prime  factors  of  the  given  number 
are  2*"^  and  2»»  - 1.  Hence  the  sum  of  its  divisors,  excluding  itself,  is,  by 
Cor.  1  above, 

=  (2"-l){2"-2»-i}, 
=  2»-i(2»-l){2-.l}, 
=  2*-H2*-l); 
as  was  to  be  shown. 


ON  THE  NUMBER  OF  INTEOEBS  LESS  THAN  A  GIVEN  INTEGER 
AND   PRIME  TO   IT. 

§  8.]  If  we  consider  all  the  integers  less  than  a  given  one,  N, 
a  certain  number  of  these  have  factors  in  common  with  N,  and 
the  rest  have  none.     The  number  of  the  latter  is  usually  denoted 

*  In  the  language  of  the  ancients  such  a  number  was  called  a  Perfect 
Number.     6,  28,  496,  8128  are  perfect  numbers. 


Digitized  by 


Google 


xzzY  euler's  theobems  regarding  ^(N)  511 

by  ^N).  Thus  ^N)  is  taken  to  denote  the  number  of  integers 
{including  1)  which  are  less  than  N  and  prime  to  N. 

We  have  the  following  unportant  theorem,  first  given  by 
Euler : — 

i/*  N  =  ai*iOa,*» .  ...  an"^,  then 

The  proof  of  this,  theorem  which  we  shall  give  is  that  which 
follows  most  naturally  from  the  principles  of  §  7. 

Proof. — Let  us  find  the  number  of  all  the  integers,  not 
greater  than  N,  which  have  some  factor  in  common  with  N. 
That  factor  must  be  a  product  of  powers  of  one  or  more  of  the 
primes  a„  a,,  a,,  .  .  .,  On. 

Now  all  the  multiples  of  a,  which  do  not  exceed  N  are 

Ifltj,     2ai,     3ai,     .  .  .,     (N/a,)ai,     N/otj  in  number    (3); 
all  the  multiples  of  a^  which  do  not  exceed  N  are 

Ittg,     2ag,     Soa,     .  .  .,     (N/aft)ag,     N/a,  in  number    (4) ; 
and  so  on. 

All  the  multiples  of  a^a^  which  do  not  exceed  N  are 
la^a^y     2a^a^^     ^a^a^^     .  .  .,     (^ja^a^a^a^^ 

"S/a^  Os  in  number    (6) ; 
and  so  on. 

Similarly,  for  a^a^a^  we  have 
laiOaO,,     2aia,as,     SaiO^a^y     .  .  .,     (^jaia^a^a^a^a^^ 

'S/a^OaOt  in  number     (6). 

Let  us  now  consider  the  number 


N 
a. 

N         N 
+  -       +-        +  .  . 
a,          a^ 

N 

N          N 

a,a. 

a»a,       a,a^ 

N 

N          N 

+  — —  + +  .  . 

a^a^a^    a^a^a^ 

N 

a,a^a„a, 

\ 

(7). 
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512  BULER'S  theorems  regarding  (f>(N)  CHAP. 

The  number  of  terms  in  the  first  line  is  nC^.  The  number 
in  the  second  line  is  nG«,  since  every  possible  group  of  2  out  of 
the  n  letters  a^a^, , ,  On  occurs  among  the  denominators.  The 
number  in  the  third  line  is  nCg  for  a  similar  reason.    And  so  on. 

Now  consider  every  multiple  of  the  r  letters  a^a^a^, . .  a,, 
which  does  not  exceed  N ;  in  other  words,  every  number,  not 
exceeding  N,  that  has  in  common  with  it  a  factor  of  the  form 
ai*'ia«"'* . . .  a,.*X  This  multiple  will  be  enumerated  in  the  first 
line,  once  as  a  multiple  of  a^,  once  as  a  multiple  of  o^,  and  so 
on;  that  is,  once  for  every  letter  in  it,  that  is,  ^Gi  times. 
In  the  second  line  the  same  multiple  will  be  enumerated  once 
as  a  multiple  of  a,as,  once  as  a  multiple  of  a^a^,  and  so  on ;  that 
is,  bnce  for  every  group  of  two  that  can  be  formed  out  of  the  r 
letters  a^a^. . ,  Ort  that  is, rC«  times.  And  so  on.  Hence,  paying 
attention  to  the  signs,  the  multiple  in  question  will  in  the  whole 
expression  (7)  be  enumerated 

times ;  that  is,  just  once.  This  proof  holds,  of  course,  whatever 
the  r  letters  in  the  group  may  be,  and  whether  there  be  1,  2,  3, 
or  any  number  up  to  ?» in  the  group. 

It  follows,  therefore,  that  (7)  enumerates,  without  repetition 
or  omission,  every  integer  which  has  a  factor  in  common  with  N. 
But,  from  formula  (1),  chap,  iv.,  §  10,  we  see  that  (7)  is  simply 

-K>-«:)(>-^-(-i)     <»^ 

To  obtain  the  number  of  integers  less  than  N  which  are 
prime  to  N,  we  have  merely  to  subtract  (8)  from  N.  We  thus 
obtain 

«N,.N(,-1)(,-1)...(,-I), 

which  establishes  Euler's  formula. 

Example.  N=100=2«.6^  ^1 00) =2«.5«(1- *)(!-*)= 40. 
§  9.]  i/"  M  =  PQ,  where  P  and  Q  are  pime  to  each  other,  then 
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For,  since  P  and  Q  are  prime  to  each  other,  we  must  have 
P  =  a,«ia.«a..., 

where  none  of  the^prime  factors  are  common ;  and  therefore 

where  a,,  a„  .  .  .,  b^,  ftg,  ...  are  all  primes. 

But^  by  §  8,  we  then  have 
*(M) 

=  M(:-1)(-1)...(:4)(:-')..., 

=<-."-('-^,)('-^-w-(-.')('4>-. 

=  'KP)*(Q)- 

Cor.  If  PQRS . .  .be  prime  to  each,  other,  then 

.^pQEs . . .) = «KP)  m)<mm . . .      (2). 

For,  since  P  is  prime  to  Q,  E,  S,  .  .  .,  it  follows  that  P  is 
prime  to  the  product  QRS . . .    Hence,  by  the  above  proposition, 

<KPQRS...)  =  <KP)<KQRS...). 

Eepeating  the  same  reasoning,  we  have 

.KQES...)  =  0(Q)^(ES...); 

and  so  on. 

Hence,  finally, 

^pQRs . . .) = <K^)<m)'mm  ■■■  ■ 

BemarL — ^There  is  no  difficulty  in  establishing  the  theorem 
<^PQ)  =  <^P)<^(Q)  a  priori.  This  may  be  done,  for  example,  by 
means  of  §  13  below  (see  Gross'  Algebra,  §  230).  The  theorem  of 
§  8  above  can  then  be  deduced  from  <^(PQR. . .)  =  <^P)</>(Q)<^(R). . . 
The  course  followed  above,  though  not  so  neat,  is,  we  think, 
more  instructive  for  the  learner. 

Example.  56=7x8, 

0(56)  =  24, 

0(7)=6, 

0(8)=4; 
0(56)=0(7)x0(8). 

VOL.  n  2  L 
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514     gauss's  theorem  regakding  the  divisors  of  N  chap. 
§  10.]  Ifd^yd^ydj,,  .  .  .,  Ac^  denokdl  the  divisors  of  the  iwieger 

<^W  +  M)  +  M)+.  .  .  =  N...  (1). 

(Gauss,  Disq.  ArUk,  §  39.) 

For  the  divisors,  d^,  d,,  d^,  .  .  .,  are  the  terms  in  the  dis- 
tribution of  the  product 

(1  +  a,  +  a,"  +  .  .  .  +  ai*i)  (1  +  fl^  +  a/  +  .  .  .  +  a/^) ...     . 

If  we  take  any  one  of  these  terms,  s&ydr  =  a^^^'a^' . . . ,  then, 
by  §  9,  Cor., 

^d,)  =  ^(a,<a.^'...), 

since  a^^  a^,  .  .  .  are  primes. 

It  follows  that  the  left-hand  side  of  (1)  is  the  same  as 
{l  +  <^(a,)  +  ^(a,')+.  .  .  +<^a,«i)} 


(2). 


But  ^(a,*:)  =  a,^{l  -  ^)  =  a/  -  o.r^' 

Hence 

1  +  <^a,)  +  <^(a,')  +  .  .  .  +  <3C<a,"0 


=  1  +  ai  -  1  +  ai'  -  a^  +  .  .  .  +  a^*!  -  a^^i-i, 

and  so  on. 

It  appears,  therefore,  that  (2)  is  equal  to  a^^-^a^ . . .,  that  is, 
equal  to  N. 

Example.  N=815=83.6.7. 

The  divisors  are  1,  8,  5,  7,  9,  15,  21,  35,  45,  63,  105,  315,  and  we  have 
0(1) +  0(3) +  0(5)+.  .  .+0(315) 

=1  +  2  +  4  +  6  +  6  +  8  +  12  +  24  +  24  +  36  +  48  +  144=315. 

*  Here  and  in  what  follows  1  is  included  among  the  divisors,  and,  for  con- 
venience, 0(1)  is  taken  to  stand  for  1.  Strictly  speaking,  0(1)  has  no  meaning 
at  all. 
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PROPERTIES   OF  m! 

§  11.]  The  following  theorem  enables  us  to  prove  some  im- 
portant properties  of  m ! : — 

The  highest  powet'  of  the  jmme  p  which  divides  m !  exactly  is 

where    if-J,   ^\*)*  •   •   •   ^^^^    ^^    intend  parts   of  m/p, 

Wi'^  •  •  •  /  ^^  ^^  sme^  is  continued  untU  the  gi'eatest  power  of  p 
is  reached  which  does  not  exceed  nu 

To  prove  this,  we  remark  that  the  numbers  in  the  series 

1,  2,    .    .    .,    771 

which  are  divisible  by  p  are  evidently 

Ip,  2p,  3p,  .  .  .,  Ay, 

where  kp  is  the  greatest  multiple  of  jp  :J>  m.  In  other  words, 
k  =  l(mlp).  Hence  I(wi/p)  is  the  number  of  the  factors  in  ml 
which  are  divisible  by  p. 

If  to  this  we  add  the  number  of  those  that  are  divisible  by 
p',  namely  I(m/p'),  and  agaia  the  number  of  those  that  are 
divisible  by  p\  namely  I(wi/p'),  and  so  on,  the  sum  will  be  the 
power  in  which  p  occurs  in  m  1 

Hence,  since  ^  is  a  prime,  the  highest  power  of  p  that  will 
divide  m !  exactly  is 


For,  if 
then 


It  is  convenient  for  practical  purposes  to  remark  that 

mlf^  =  i  +  ik/iJ*-!  {k  <f-^)  (1), 


mlf  =  ilp  +  klf  (2), 

=j*llp  +  hlf{l<p)  (3). 
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Now 


by  (2). 


Ijp  +  klflf^if  -l)lp  +  (p'-i  -  l)/f, 

<1. 
Hence,  by  (3), 

But,  since  i/p  =j  +  l/p, 

We  may  therefore  proceed  as  follows : — Divide  m  hyp;  take  the 
integral  grwtient  and  divide  again  by  p  ;  and  so  on  ;  until  the  integral 
quotient  becomes  zero;  then  add  all  the  integral  qtwtientSy  and  the 
result  is  the  highest  power  of  p  which  wiU  divide  m !  exactly. 

Example  1.  To  find  tlie  highest  power  of  7  which  divides  1000 1  exactly. 

In  dividing  successively  by  7  the  integral  quotients  are  142,  20,  2 ;  the 
sum  of  these  is  164.     Hence  7^**  is  the  power  of  7  required. 

Example  2.  To  decompose  25 !  into  its  prime  factors. 

Write  down  all  the  primes  less  than  25  ;  write  under  each  the  successive 
quotients  ;  and  then  add.     We  thus  obtain 


2 

3 

5 

7 

11 

13 

17 

19 

28 

12 

8 

5 

3 

2 

1 

.1 

1 

1 

6 

2 

1 

3 

1 

22 

10 

6 

3 

2 

1 

1 

1 

1 

Hence  25  I  =  228.3".5«.7M1M3. 17. 19.23. 

Example  3.  Express  391/25 1  in  its  simplest  form  as  a  product  of  prune 

factors 

Result,  2i3.3«.5«.7M1.13«.17.19.29.31.37. 

Example  4.  Find  the  highest  power  of  5  that  will  divide  27. 28. 29  .  .  .  100 

exactly. 

^  Result,  5". 

Example  5.  If  m  be  expressed  in  the  scale  of  ^,  in  the  form 
the  highest  power  ofp  that  will  divide  m !  exactly  is  the 

Example  6.  If  m=2*+2^+2^+.  .  .  {k  terms),  where  o</3<7<.  .  ., 
the  greatest  power  of  2  that  will  divide  m  I  is  the  (m  -  A:)th. 
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§  12.]  If  f  +  g  +  h+  .  .  .  >7W,  then  m\/flg\hl  ,  ,  ,  is  an 
integer* 

To  prove  this,  it  will  be  sufficient  to  show  that^  if  any  prime 
factor,  J?  say,  appear  in  /!^U!  .  .  .,  it  will  appear  in  at  least 
as  high  a  power  in  ml  In  other  words  (§  11),  we  have  to 
show  that 

+     .      .      .      .     (1). 

Now,  if  d  be  any  integer  whatever,  we  have 

fid=f'+rid  (r:3^d-i), 

gjd  =  g'  +  fld     if-ii^d-l), 
h/d=:h'  +  h"ld     (A><i-1), 

and  we  obtain  by  addition 


d 
Hence,  if/''  +  ^  +  A"+  .  .  .  <d, 

i(/ti±*±^)./.,^,».,..., 

If,  on  the  other  hand, /'  +  ^  +  A*  +  .  .  .  >(i,t  then 

*  This  theorem  might,  of  course,  be  inferred  from  the  fact  that 
m\lf\g\h\  .  .  .  represents  the  number  of  permutations  of  m  things/  of 
which  are  alike,  g  alike,  h  alike,  kc. 

t  If  n  be  the  number  of  the  letters  /,  g,  h,  ,  .  .^  the  utmost  value  of 
/'+fl'*+A*+.  .  .  isn((i-l).  Hence  the  utmost  difference  between  the  two 
sidesof(2)isI{n(rf-l)/rf}. 
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It  appears,  therefore,  that,  even  ii  m=f+g  +  h+  .  .  ., 

A  fortiori  is  this  so  if  m>/+  ^  +  A  +  .  .  .     . 

If  now  we  give  d  the  successive  values |?,  p*,  .  .  .,  and  com- 
bine by  addition  the  inequalities  thus  obtained  from  (3),  the 
truth  of  (1)  is  at  once  established. 

Cor.  I.  If  f+g  +  h+  .  .  .  >fn,  and  none  of  the  nvmbers 
ft  Qi  h,  .  .  .  is  equal  to  m,  the  integer  m\/f\g\h\  .  .  .  is  divisible 
by  m  if  m  be  a  prime. 

Cor.  2.  The  product  of  r  successive  integers  is  exactly  divisible 
byrl 

The  proofs  of  these,  so  far  as  they  require  proof,  we  leave  to 
the  reader.  Cor.  2  has  already  been  established  by  a  totally 
different  kind  of  reasoning  in  §  3,  Example  6. 

Exercises  XXXVI. 

(1. )  What  is  the  least  multiplier  that  will  convert  945  into  a  complete 
square  ? 

(2.)  Find  the  number  of  the  divisors  of  2160,  and  their  sum. 
(3.)  Find  the  integral  solutions  of 

ay=100a:  +  10y+l  (o); 

ajy=12-  ip); 

y'=108x  (y). 

(4.)  No  number  of  the  form  2*+  4  except  5  is  prime. 

(5.)  No  number  of  the  form  2^**-*+l  except  5  is  prime. 

(6.)  To  find  a  number  of  the  form  2**. 3. a  (a  being  prime)  which  shall  be 
equal  to  half  the  sum  of  its  divisors  (itself  excluded). 

(7. )  To  find  a  number  N  of  the  form  2"ade ...  (a,  b,  e  being  unequal 
primes)  such  that  N  is  one-third  the  sum  of  its  divisors. 

(8.)  Show  how  to  obtain  two  ''amicable  *'  numbers  of  the  forms  2*^,  2**r, 
where  ^,  5^,  r  are  primes.  (Two  numbers  are  amicable  when  each  is  the  sum 
of  the  divisors  of  the  other,  the  number  itself  not  being  reckoned  as  a 
divisor.) 

(9.)  To  find  a  cube  the  sum  of  whose  divisors  shall  be  a  square. 

(One  of  Fermat's  challenges  to  Wallis  and  the  English  mathematicians. 
Vdr.  Op,  Math.,  pp.  188,  190.) 

(10.)  If  N  be  any  integer,  n  the  number  of  its  divisors,  and  P  the  product 
of  them  all,  then  N»=F». 
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(11.)  The  sum  and  the  sum  of  the  sqaares  of  all  the  nnmbers  less  than 
N  and  prime  to  it  are  JN(a-l)(6-l)(c-l).. .  and  J N«(l  -  1/a) (1  -  1/ft) 
.  .  .  +JN(l-o)(l-6). . .  respectively.     (Wolstenholme.) 

(12.)  Ifp,q,r,  .  .  .be  prime  to  each  other,  and  d(^)  denote  the  sum  of 
the  divisors  of  N,  show  that 

d(pqr...)=d(p)d(q)d(r)...     . 

(13.)  lt'S=abe,  where  a,  6,  c  are  prime  to  each  other,  then  the  product  of 
all  the  numbers  less  than  N  and  prime  to  N  is 

(a6c-l)in{(a-l)!/(6c-l)!a<^-iK«-i)}. 

(Gonv.  and  Cains  Coll.,  1882.) 
(14.)  The  number  of  integers  less  than  (r>+l)"  which  are  divisible  by  r 
but  not  by  r»  is  (r- l){(r»+l)"- l}/r». 
(15.)  Prove  that 

(16.)  In  a  given  set  of  N  consecutive  integers  beginning  with  A,  find  the 
number  of  terms  not  divisible  by  any  one  of  a  given  set  of  relatively  prime 
integers.    (Cayley.) 

(17.)  If  m  - 1  be  prime  to  n+ 1,  show  that  mCn  is  divisible  by  n+ 1. 

(18.)  (a+l)(a+2). . .  2axft(ft  +  l). . .  26/(a  +  6)  I  is  an  integer. 

(19.)  The  product  of  any  r  consecutive  terms  of  the  series  aj- 1,  a?- 1, 
a^~  1,  .  .  .  is  exactly  divisible  by  the  product  of  the  first  r  terms. 

(20.)  If  p  he  prime,  the  highest  power  of  p  which  divides  n  I  is  the 
greatest  integer  in  {»-  S(n)}/(p- 1)"*,  where  S(n)  is  the  sum  of  the  digits  of 
71  when  expressed  in  the  scale  of  ^. 

If  S{m)  have  the  above  meaning,  prove  that  S(m  -  n)  ^  S(m)  -  S(w)  for  any 
radix.    Hence  show  that  (n+1)  (w+ 2) ...  (n+m)  is  divisible  by  ml. 

(Canib,  Math,  Jour.  (1839),  vol.  i.,  p.  226.) 

(21.)  If/(n)  denote  the  sum  of  the  uneven,  and  F(n)  the  sum  of  the  even, 
divisors  of  n,  and  1,  3,  6, 10,  ...  be  the  "triangular  numbers,"  then 

y(n)+/(n-l)+/[n-3)+/(n-6)  +  .  .  . 

=  F(n)  +  F(»-l)  +  F(»-3)  +  F(n-6)  +  .  .  ., 

it  being  understood  that /(n  -  n) = 0,  F(n  -  ») = n. 


ON  THE  RESIDUES  OF  A   SERIES  OF  INTEGERS  IN 
ARITHMETICAL  PROGRESSION. 

§  13.]  The  least  positive  remainders  of  the  series  of  numbers 
k,     *  +  a,     k+2a,    .  .  .,     A;  + (m- l)a 
toith  respect  to  m,  where  m  is  prime  to  a,  are  a  permutation  of  the 
numbers  of  the  series 

0,  1,  2,  .  .  .,(^71-1). 
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All  the  remainders  must  be  different;  for,  if  any  two 
different  numbers  of  the  series  had  the  same  remainders,  then 
we  should  have 

k  +  ra  =  fxm  +  p,  and  k  +  sa  =  plm  +  p, 
whence 

(r  -  5)a  =  (/x  -  ijiym^  and  (r  -  s)alm  =  /x  -  /x'. 

Now  this  is  impossible,  since  a  is  prime  to  m^  and  r  and  s  are 
each  <  7»,  and  therefore  r  -  5  <  m.  Hence,  since  there  are  only 
m  possible  remainders,  namely,  0,  1,  2,  .  .  .,  (m  -  1),  the  proposi- 
tion follows. 

Cor.  1.  If  the  remainders  of  k  and  a  with  respect  torn  be  If  and 
a\  the  remainders  will  occur  as  follows : — 

k\     K  +  a\     k'->t2a\     .  .  .,     k' ■{■ra\ 
imtil  we  reach  a  number  that  equals  or  surpasses  m  /  this  we  must 
diminish  by  m,  and  then  proceed  to  add  a'  at  each  step  as  before. 

Thus,  if  A; =11,  a =25,  m= 7,  the  series  is 

11,  86,  61,  86,  111,  136,  161. 

We  have  A/ =4  and  a' =4,  hence  the  remainders  are 

4,  4  +  4-7=1,     5,  6  +  4-7  =  2,  &c.  ; 
in  fact, 

4.  1,  6,  2,  6,  3.  0. 

Cor.  2.  If  the  progression  of  numbers  be  continued  beyond  m 
term^Sy  the  rerrmnders  will  repeat  in  the  same  order  as  before;  and  in 
this  periodic  series  the  number  of  remainders  intervening  between  two 
that  differ  by  unity  is  always  the  same. 

Cor.  3.  There  are  as  many  terms  in  the  series 

k,     k  +  a,     k+2a,     .  .  .,     k  +  {m-l)a 
which  are  prims  to  m,  as  there  are  in  the  series 
0,  1,2,  .  .  .  (m-1). 
That  iSf  the  number  of  tenfns  in  the  series  in  question  which  are  prime 
to  mis  <t)(m).     See  §  8. 

This  follows  from  the  fact  that  two  numbers  which  are 
congruent  with  respect  to  m  are  either  both  prime  or  both  non- 
prime  to  m. 

Cor.  4r.  If  out  of  the  series  of  numbers 

0,   1,  2,    .    .    .,    (771-1) 
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we  sded  those  that  wre  less  than  m  and  prime  to  it,  say 

7*1,  fj,    .    .    .,   ^n 

(the  number  n  being  <^m) ),  then  the  numbers 

k  +  r^a,    A  +  rgO,     .  .  .,     k  +  Tna^ 

where  k-0  or  a  multiple  of  m,  and  a  prime  to  m  as  before,  are  all 

prime  to  m  ;  and  their  remainders  with  respect  to  m  are  a  permutation  of 

fj,  r„  .  .  .,  r^. 

For,  as  we  have  seen  already,  all  the  n  remainders  are  unlike, 
and  every  remainder  must  be  prime  to  m\  for,  if  we  had 
k  +  rta  =  iim  +  p,  where  p  is  not  prime  to  m,  then  ria  =  iim  +  p-k 
would  have  a  factor  in  common  with  m,  which  is  impossible, 
since  re  and  a  are  both  prime  to  m. 

Hence  the  remainders  must  be  the  numbers  r,,  r„  .  .  .,  r^ 
in  some  order  or  other. 

§  14.]  If  m  be  not  prime  to  a,  but  have  with  it  the  G.C.M,  g,  so 
that  a  =  ga\  m  =  gm\  the  remainders  of  the  series 

ky     k  +  a,     k+2a,     .  .  .,     k  +  {m-l)a 
with  respect  to  m  will  recwr  in  a  shorter  cycle  of  m'. 

Consider  any  two  terms  of  the  series  out  of  the  first  m\  say 
k-k-ra^k-vsa.  These  two  must  have  different  remainders,  otherwise 
(r  -  s)a  would  be  exactly  divisible  by  m ;  that  is,  (r  -  s)ga'lgm' 
would  be  an  integer ;  that  is,  (r  -  s)a'lm'  would  be  an  integer ; 
which  is  impossible,  since  a'  is  prime  to  m'  and  r-'S<m\ 

Again,  consider  any  term  beyond  the  m'th,  say  the  (m'  +  r)th, 
then,  since 

{k  +  (m'  +  r)a}  -  {k  +  ra}  =  m'a, 
=  gm'a\ 
=  ma\ 
it  follows  that  the  (m'  +  r)th  term  has  the  same  remainder  with 
respect  to  m  as  the  rth. 

In  other  words,  the  first  m'  remainders  are  all  different,  and 

after  that  they  recur  periodically,  the   increment  being  ga", 

where  a"  is  the  remainder  of  a'  with  respect  to  m',  subject  to 

diminution  by  m  as  in  last  article. 

Example.  If  A;=ll,  a=26,  m=15,  we  have  the  series 

11,  36,  61,  86,  111,  136,  161,  186,  211,  236,  261,  .  .  .  ; 
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and  here  g=6;   a'=5;   m'=3;  a*=2;  A:'=:ll;  gra'slO.     Hence  the  re- 
mainders are 

11,  6,  1, 11,  6, 1, 11,  6,  1,  11,  6,  .  .  .    . 

Cor.  If  the  G.C.M.y  g,  of  a  and  m  divide  h  exacUy,  and,  in 
particular^  ifk  =  0,  Ihe  remainders  of  the  series 

k,    k+a,    k+2a,    ... 
are  the  nvmbers 

Og,lg,2g,  dg,  .  .  .,  (m'-l)g 

eontinnally  rq>eated  in  a  certain  order. 

For,  in  this  case,  since  k  =  gtc^  we  have  (k  +  ra)lm  =  (k  +  ra')jm\ 
hence  the  remainders  are  those  of  the  series 

#c,     K  +  a',     K  +  2a',     .  .  . 
with  respect  to  w!  which  is  prime  to  a\  each  multiplied  by  g. 
Hence  the  result  follows  by  §  13. 

Example.  Let  A;=10,  a=25,  m=15 ;  then  the  series  of  numbers  is 

10,  86,  60,  85,  110,  135,  160,  185,  .... 

We  have  ^=5;  a'=6;  m'=3;  ic=2;  and  the  remainders  are 

10,  5,  0, 10,  5,  0,  10,  5,  ...  ; 
that  is  to  say, 

2x5,     1x5,     0x5,     ...     . 

§  15.]  From  §  13  we  can  at  once  deduce  Fermat's  Theorem,* 

which  is  one  of  the  corner-stones  of  the  theory  of  numbers. 

If  m  he  a  prime  number,  and  a  be  prime  to  m,  a**"^  -  1  is 

divisible  by  m. . 

If  a  be  prime  to  m,  then  we  have 

\a  =  ii^m  +  Ply 

2a  =  fA^m  +  /o,, 

(m  -  1 )  a  = /i^  _  I  m  +  pm  .  I , 
where     the     numbers    pi,    />,,...,  pf^-i    are    the    numbers 
1,  2,  .  .  .,  (m  -  1)  written  in  a  certain  order. 

*  Great  historical  interest  attaches  to  this  theorem.  It  was,  with  several 
other  striking  results  in  the  theory  of  numbers,  published  without  demonstra- 
tion among  Format's  notes  to  an  edition  of  Bachet  de  Meziriac's  DiopharUus 
(1670).  For  many  years  no  demonstration  was  found.  Finally,  Euler  (Com- 
meiU,  Acad,  Fetrop.,  viii.,  1741,  and  Comment,  Nov,  Acad.  Petrqp.,  vii.,  1761) 
gave  two  proofs.  Another,  due  to  Lagrange  (Nouv.  M&m,  de  VAc,  de  Berlin, 
1771),  is  reproduced  in  §  18.  The  proof  given  above  is  akin  to  Euler's  second 
and  to  that  given  by  Gauss,  Dieq.  Arith,,  §  49. 
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Hence 

=  Mm+1.2...(m-l). 
We  therefore  have 

1.2...(m-l)(a'~-i-l)  =  M7n. 

Now,  m  being  a  prime  number,  all  the  factors  of  1 . 2  ...  (m  -  1) 
are  prime  to  it.     Hence  m  must  divide  a"*"^  -  1. 

It  is  very  easy,  by  the  method  of  differences,  explained  in  §  5, 
to  establish  the  following  theorem : — 

If  m  be  a  prime,  a'^-ah  exactly  divisible  by  m,* 

Since  a'^-a  =  a{a'^''^  -  1),  if  a  be  prime  to  m,  this  is  simply 
Fermat's  Theorem  in  another  form. 

§  16.]  By  using  Cor.  4  of  §  13  we  arrive  at  the  following 
generalisation  of  Fermat's  Theorem,  due  to  Euler ; — 

Ifmbe  any  integer,  and  a  be  prime  to  m,  then  a^^^  -I  is  exactly 
divisible  by  m. 

Here  <^m)  denotes,  as  usual,  the  number  of  integers  which 
are  less  than  m  and  prime  to  it. 

For,  if  ?*!,  r„  ,  .  ,,rn  be  the  integers  less  than  m  and  prime 
to  it,  we  have,  by  the  corollary  in  question, 
r^a^  fi^m  +  pi, 
r^a  =  fi^m  +  p^, 


^n<»  =  /^^  +  Pn, 
where  the  numbers  p,,  p„  .  .  .,  p»  are  simply  r^,  r,,  .  .  .,  r^ 
written  in  a  certain  order. 

We  have  therefore,  just  as  in  last  paragraph, 
r,r,...rn(a'»-l)  =  Mm, 
whence,  since  r^,  r,,  .  .  .,  r„  are  all  prime  to  m,  it  follows  that 
a'*  -  1,  that  is,  a^**^  -  1,  is  divisible  by  m. 

§  17.]  The  famous  theorem  of  Wilson  can  also  be  established 
by  means  of  the  principles  of  §  13. 

*  For  another  proof  of  this  theorem  see  §  18  below. 
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Any  two  integers  whose  product  has  the  remainder  +  1  with 
respect  to  a  given  modulus  m  may  be  called,  after  Eoler,  Allied 
Numbers. 

Consider  all  the  integers, 

1,  2,  3,  .  .  .,  (m-1), 

less  than  any  prime  number  m  (the  number  of  them  is  of  course 
even).  We  shall  prove  that,  if  we  except  the  first  and  last,  they 
can  be  exhaustively  arranged  in  allied  pairs. 

For,  take  any  one  of  them,  say  r,  then,  since  r  is  prime  to  m, 
the  remainders  of 

r.l,    r.2,     .  .  .,     r(m-l)    • 
are  the  numbers 

1,  2,  .  .  .,  (m-1) 

in  some  order.  Hence,  some  one  of  the  series,  say  rr',  must  have 
the  remainder  1 ;  then  iY  will  be  allies. 

The  same  number  r  cannot  have  two  different  allies,  since  all 
the  remainders  are  diflferent. 

Nor  can  the  two,  r  and  r',  be  equal,  unless  r  =  1  or  =  m  -  1 ; 
for,  if  we  have 

r^  >=  fim  +  1, 

then  /  -  1  =  /LtTw ;  that  is,  (r  +  1)  (r  -  1)  must  be  divisible  by  w. 
But,  since  m  is  prime,  this  involves  that  either  r+lorr-1  be 
divisible  by  m,  and,  since  r  cannot  be  greater  than  m,  this  involves 
in  the  one  case  that  r  =  m-l,  in  the  other  that  r  =  1. 

Excluding,  then,  1  and  m-  1,  we  can  arrange  the  series 

2,  3,  .  .  ,  (m-2) 

in  allied  pairs.     Now  every  product  of  two  allies  is  of  the  form 
fim  +  1 ;   hence   the   product    2 . 3  ...  (w  —  2)   is  of  the    form 
(/A,m  +  1)  (jjL^m  +  1) . . .,  which  reduces  to  the  form  Mm  +  1. 
Hence 

2.3...  (m-2)  =  Mm+l; 

and,  multiplying  by  m—  1,  we  get 

1.2.3...(w-2)(m-l)=:  Mm(wi  -  1 )  +  m  -  1 . 
Whence 

1.2.3...  (w-l)  +  l=Nm. 
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That  is,  if  m  he  a  jprime^  (m—  1)!  +  1  is  divisible  by  m,  which  is 
Wilson's  Theorem.* 

It  should  be  observed  that,  if  m  be  not  a  pime^  (w  —  1)!  +  1 
is  not  divisible  by  m. 

For,  if  m  be  not  a  prime,  its  factors  occur  among  the  numbers 
2,  3,  .  .  .,  (m—  1),  each  of  which  divides  (m-  1)!,  and,  there- 
fore, none  of  which  divide  (m  -  1)!  +  1. 

§  18.]  The  following  Theorem  of  Lagrange  embraces  both 
Fermat's  Theorem  and  Wilson's  Theorem  as  particular  cases : — 
If(x+l){x  +  2)..,{x+p'-l) 

=  xP-'^  +  AiXP'^  +  .  .  .  + Ay_,a;  + Ap_,, 
and  p  be  prime,  then  A^,  A^,  .  .  .,  Ap_a  are  ail  divisible  by  p. 

We  have 
{x+p){xP^'^  +  AiXP-^  +  .  .  .  +  Ap_,a;  + Ap_,} 
=  («+ l){(aj+ 1)^-1 +  A,(x+ 1)^-2  +  .  .  .+Ap..(a;+l)  +  Ap_J. 
Hence 
pxP''^+pAiXP^^+pA^xP'^  +  .  .  .+pAp^tX+pAp,^ 
=  {(x+  ly -xP}  +  A,{{x+  l)J^^  -xJ^^}  +  A^{{x+  l)J^^ -xP-^}  + . . . 
Therefore 

;?Ai=pC,  +  p-AAi, 

pA^  =  pCs  +  p-iGaAi  +  p^fiiK, 

pA^  =  pG^  +  p.iCsA,  +  p- AA,  +  p-3C,A8. 


Hence,  since  p_iCi,  p-,Ci,  p-aC,,  .  .  .  are  not  divisible  by^ 
if  p  be  prime,  we  get,  by  successive  steps,  the  proof  that  A„  A^, 
Ag,  .  .  .  are  all  divisible  by  p, 

*  This  theorem  was  first  published  by  Waring  in  his  Meditationes  Alge- 
braicsB  (1770).  He  there  attributes  it  to  Sir  John  Wilson,  but  gives  no  proof. 
The  first  demonstration  was  given  by  Lagrange  {Nouv.  M&m,  de  VAc  de 
Berlin^  1771) ;  this  is  reproduced  in  §  18.  A  second  proof  was  given  by  Euler 
in  his  Opuseula  Analytica  (1783),  vol.  i.,  p.  329,  depending  on  the  theory  of 
the  residues  of  powers. 

The  proof  above  is  that  given  by  Gauss  (Disq.  Ariih,,  §§  77,  78),  who 
generalises  the  theorem  as  follows: — "The  product  of  all  the  numbers  less 
than  m  and  prime  to  it  is  congruent  with  - 1,  if  m=pf*  or  =2pf*,  where  p 
is  any  prime  but  2,  or,  again,  if  m=4;  but  is  congruent  with  +1  in  every 
other  case."    This  extension  depends  on  the  theory  of  quadratic  residues; 


Digitized  by 


Google 


626  EXERCISES  XXXVII  chap. 

Cor.  1.  Put  x=l,  and  we  get 

2.3...^=l  +  (Ai  +  A«+.  .  . +Ap_,)  + Ay-,. 

Therefore  A^,.,  +  1,  thai  is,  {p  ~  l)\  +  I  is  divisihle  by  p. 

Cor.  2.  Multiplying  by  x  and  transposing,  we  get 
x^ -x  =  x(x+l), , .  (x+p-l) 

-(l+A,-0«-(A,JBi'-i  +  A,ajP-2  +  .  .  .+A,_ga;2). 

But  a;  (a?  +  1) ...  (a;  + 1?  -  1),  being  the  product  of  ^  consecutive 
integers,  must  be  divisible  by  ^.  Also,  if  ^  be  prime,  1  +  Ap_x 
is  divisible  by  p. 

Therefore,  xP  -x  is  divisible  by  p  if  p  be  prime.  From  which 
Fermat's  Theorem  follows  at  once  if  x  be  prime  to  p. 

EXBKOISKS  XXXVII. 

(1.)  x^-zh  divisible  by  2730. 

(2.)  If  JB  be  prime  greater  than  13,  x"  - 1  is  divisible  by  21840. 

(3. )  If  the  nth  power  of  every  number  end  with  the  same  digit  as  the 
number  itself,  then  n = 4p + 1 . 

Give  a  rule  for  determining  by  inspection  the  cube  root  of  every  perfect 
cube  less  than  a  million. 

(4. )  If  the.  radix,  r,  of  the  scale  of  notation  be  prime,  show  that  the  rth 
power  of  eveiy  integer  has  the  same  final  digit  as  the  integer  itself,  and  that 
the  (r-  l)th  power  of  every  integer  has  for  its  final  digit  1. 

(6. )  If  »  be  prime,  and  x  prime  to  »,  then  either  sfi''  - 1)/2  - 1  or  a^*  - 1)/* + 1 
is  divisible  by  n. 

(6. )  If  »  be  prime,  and  x  prime  to  n,  then  either  x'^^  - 1)/2  - 1  or  x^^  "  ^)/*  + 1 
is  divisible  by  n\ 

(7. )  If  m  and  n  be  primes,  then 

7^n-i+^m-i=i  (mod.  mn). 

(8.)  If  a,  /3,  7,  ...  be  primes,  and  N^a/Sy. .  .,  then 
2(N/o)»-i=l  (mod  0/37.  .  .). 

(9. )  If  n  be  an  odd  prime,  show  that 

(a+l)»»-(a»  +  l)=0(mod.  2n). 

Hence  show  that,  if  9t  be  an  odd  prime  and  p  an  integer,  then  any  integer 
expressed  in  the  scale  of  2n  will  end  in  the  same  digit  as  its  (jm-27+l)th 
power.     Deduce  Fermat's  Theorem.     (Math.  Trip.,  1879.) 

(10.)  If  71  be  prime  and  >»,  then 

aj»-a+a«-»+.  .  . +a;+l=0(mod.w). 

(11.)  If  n  be  an  odd  prime,  then 

l  +  2(7H-l)  +  2«(7i+l)«  +  .  .  .+2«-»(«+l)«-«=0(mod.n). 

(12.)  Ifnbeodd,  l"+2»+.  .  . +(w-l)"=0{mod.  w). 
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(13.)  If  n  bo  prime,  and  p<nt 

(i?- 1)  !(n-i?)  1  -  ( - 1)»=0  (mod.  »), 
and,  in  particular, 

[{J(n-l)}  !P+(-l)<«-i)/2=0  (mod.  n). 

(Waring.) 
(14.)  Find  in  what  cases  one  of  the  two  {i{n-l)}\±l  is  divisible  by  n. 
What  determines  which  of  them  is  so  f 

(16.)  If  ^  be  prime,  and  n  not  divisible  by  p  - 1,  then 

l"  +  2"+.  .  .+(;>-l)*=0(mod.p). 

(16.)  Up  be  any  odd  prime,  m  any  number  >  1,  then 

l>m+2«~+.  .  .  +  (^^*"=0(mod.p). 

(17.)  If  neither  a  nor  h  be  divisible  by  a  prime  of  the  form  471-1,  then 
a*n-2  _  j4n-a  ^^  j^q^  -[^  cxactly  divisible  by  a  prime  of  that  form. 

Hence  show  that  a*""*+6*"~'  is  not  divisible  by  any  integer  (prime  or  not) 
of  the  form  47i-l. 

Also  that  a' +6^  is  not  divisible  by  any  integer  of  the  form  4n- 1  which 
does  not  divide  both  a  and  h.  .  Also,  that  any  divisor  of  the  sum  of  two 
integral  squares,  which  does  not  divide  each  of  them,  is  of  the  form  4n+ 1. 

(Euler.) 

(18.)  Show,  by  means  of  (17),  that  no  square  integer  can  have  the  form 
Amn -m-n*,  where  m,  n,  o  are  positive  integers.     (Euler.) 


PARTITION   OF  NUMBERS. 

EtUer's  Theory  of  the  Enumeration  of  Partitions, 

§  19.]  By  the  partition  of  a  given  integer  n  is  meant  the 
division  of  the  integer  into  a  number  of  others  of  which  it  is  the 
sum.  Thus  1+2  +  2  +  3  +  3,  1  +  3  +  7,  are  partitions  of  11. 
There  are  two  main  classes  of  partitions,  namely,  (I.)  those  in 
which  the  parts  may  be  equal  or  unequal;  (11.)  those  in  which 
the  parts  are  all  unequal  When  the  word  "  Partition  "  is  used 
without  qualification,  class  (I.)  is  understood. 

We  shall  use  a  quadripartite  symbol  to  denote  the  number 
of  partitions  of  a  given  species.  Thus  P(  |  | )  and  Fu{  \  | )  are 
used  to  denote  paititions  of  the  classes  (L)  and  (II.)  respectively. 
In  the  first  blank  inside  the  bracket  is  inserted  the  number  to 
be  partitioned ;  in  the  second,  an  indication  of  the  number  of  the 
parts ;  in  the  third,  an  indication  of  the  magnitude  or  nature  of 
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the  parts.  It  is  always  implied,  unless  the  contrary  is  stated, 
that  the  least  part  admissible  is  1 ;  so  that  >  m  means  any 
integer  of  the  series  1,  2,  .  .  .,  m.  An  asterisk  is  used  to  mean 
any  integer  of  the  series  1,  2,  .  .  .,  oo ,  or  that  no  restriction  is 
to  be  put  on  the  number  of  the  parts  other  than  what  arises 
from  the  nature  of  the  partition  otherwise. 

Thus  P(ri|^  I  q)  means  the  number  of  partitions  of  n  into  p 
parts  the  greatest  of  which  is  j;  P(^|i^|^2)  ^^®  number  of 
partitions  of  n  into  ^  parts  no  one  of  which  exceeds  ^; 
P(w|  *  ll^*-?)  the  number  of  partitions  of  n  into  any  number  of 
parts  no  one  of  which  is  to  exceed  g;  Vu{n\1^p\*)  the 
number  of  partitions  of  n  into  p  or  any  less  number  of  unequal 
parts  unrestricted  in  magnitude;  Pw(n(^|odd)  the  number  of 
partitions  of  n  into  p  unequal  parts  each  of  which  is  an  odd 
integer;  V{n  |  *  1 1,  2,  2*,  2',  .  .  .)  the  number  of  partitions  of 
n  into  any  number  of  parts,  each  part  being  a  number  in  the 
series  1,  2,  2*,  2®,  .  .  . ;  and  so  on. 

The  theory  of  partitions  has  risen  into  great  importance  of 
late  in  connection  with  the  researches  of  Sylvester  and  his 
followers  on  the  theory  of  invariants.  It  is  also  closely  con- 
nected with  the  theory  of  series,  as  will  be  seen  from  Euler's 
enumeration  of  certain  species  of  partitions,  which  we  shall 
now  briefly  explain. 

§  20.]  If  we  develop  the  product  (1  +  ;sa:)(l  +;?«*)...  (1  +  zsfl\ 
it  is  obvious  that  we  get  the  term  2;^  a^  in  as  many  diflFerent  ways 
as  we  can  produce  n  by  adding  together  p  of  the  integers 
1,  2,  .  .  .,  ^,  each  to  be  taken  only  once.  Hence  we  have  the 
following  equation : — 

(1  +  zx)  (1  +  zx^) .  . .  (1  +  ;?j:«)  =  1  +  2Pw(7i  li?  |>5>^a:«     (1). 

Again,  if  to  the  product  on  the  left  of  (1)  we  adjoin  the 
factor  l+5;  +  2*  +  5?  +  .  .  .  ad  00  (that  is,  1/(1-;?)),  we  shall 
evidently  get  z^^x^  as  often  as  we  can  produce  n  by  adding 
together  any  number  not  exceeding  p  of  the  integers  1,  2,  .  .  .,  q. 
Therefore 
( 1  +  ^)  ( 1  +  ;?ai^ . . .  ( 1  +  2a^)/(  1  -  5;) 

=  1  +  2Pt<ti  !>;?  |>2);?i'iB«         (2). 
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In  like  manner,  we  have 

(1  +  a;)  (1  +  aO  . . .  (1  +  a^)  =  1  +  2PM(n  |  *  |4>5)aj«     (3) ; 

(l+«r)(l+«B')...adQO  =1  +2Pw(n|jp|*>^aj'»    (4); 

(l+a;)(l+a0...adQO  =  1 +2Ptt{n|  *  |  *  )aJ»       (5). 

Also,  as  will  be  easily  seen,  we  have 

1/(1  -  ;8a;)  (1  -  «/) . . .  (1  -  «B?)  =  1  +  2P(n  \p  \:i>q)zPz''      (6) ; 

1/(1  -z)(l  -zx)., .  (1  -«c^)  =  1  +2P(n|>^|>(?>i'a:«  (7); 

l/(l-fl;)(l-aO...(l-^)=l+2P(n|*|>j)a;«         (8); 

1/(1  -  «c)  (1  -  «r")  . . .  ad  00  =  1  +  2P(n  \p\*  )zP73^        (9) ; 
1/(1 -^)(l-«c)(l -«»•)... ad 00  =l+2P(n|>;?|*);?i'a;«    (10); 
l/(l-a:)(l-aO---adoo  =  1 +2P(n|  *  |  *  )aj»         (11); 
and  so  on. 

By  means  of  i»hese  equations,  coupled  with  the  theorems 
given  in  chap,  zzx.,  §  2,  and  Exercises  XXI^  a  considerable 
number  of  theorems  regarding  the  enumeration  of  partitions 
can  be  deduced  at  once. 

§  21.]  To  find  a  recurrence-formula  for  enumeroHng  (he  parti- 
tions of  n  into  any  number  of  parts  none  of  which  exceeds  q ;  a/nd 
thus  to  calculate  a  table  for  P(w  |  *  \:!^q). 

By  (8),  we  have 

1/(1  -ic)(l  -a;'). . .  (1  -««)=  1  +2P(7i|*  |>j)a*. 

Hence,  multiplying  on  both   sides    by   l-afl,  and   replacing 
1/(1  -  «)  (1  -«■)...  (1  -  a:^'^)  by  its  equivalent,  we  derive 
l+2P(n|*|>5-l)aj« 

=  l+2{P(n|*|>(?)-P(n-^|*|>j}x'*     (12), 

where  we  understand  P(0,  |  #  \:!^q)  to  be  1. 
Hence,  if  n^^, 

P(n|*|>^)  =  P(n|*|>g-l)  +  P(n-^|*|H)     (13); 

and,  if  w<j, 

P(n|*|>9)  =  P(n|*|>g-l)  (U). 

By  means  of  (13)  and  (14)  we  can  readily  calculate  a  table  of 
double  entry  for  P(»  |  *  |  >'2)>  ^  follows : — 

VOL.  n  2  M 


Digitized  by 


Google 


530 


euler's  table  for  P(n I  »!>$') 


CHAP. 


n                                                                  C 

A 

12  3  4  5 

66  ;7c  8  9  10  11  12  13  14  15  16  17  18  19  20 

9 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

11111 
.2233 
..345 
...56 
.   .  .   .  7 

1 
4 
7 
9 
10 
11 

1111111   1   1   lllllD 
4556677   8   8   9   9  10  10  11 
8  10|12  14  16  19  21   24  27  30  38  37  40  44 
11  15  18|23  27  34  39  47  54  64  72  84  94  108 

13  18  23  30 1 37  47  57  70  84  101  119  141  164  192 

14  20  26  35  44 1 58  71   90  110  136  163  199  235  282 

15  21  28  38  49  65 1 82  105  131  164  201  248  300  364 

.   22  29  40  52  70  89 1 116  146  186  230  288  352  434 

.   .  30  41  54  73  94  123 1 157  201  262  318  393  488 

42  55  76  97  128  164 1 212  267  340  428  530 

.  56  76  99  131  169  2191278  355  446  660 

E 

F 

B 

a                                                                          d 

Take  a  rectangle  of  squared  paper  BAC ;  and  enter  the  values 
of  n  at  the  heads  of  the  vertical  columns,  and  the  values  of  q 
at  the  ends  of  the  horizontal  lines.  We  remark,  first  of  all,  that 
it  follows  from  (14)  that  all  the  values  in  the  part  of  any  vertical 
column  below  the  diagonal  AF  are  the  same.  We  therefore 
leave  all  the  corresponding  spaces  blank,  the  last  entry  in  the 
column  being  understood  to  be  repeated  indefinitely. 

Next,  write  the  values  of  P(l  |  »  |>1),  P(2|  ♦  |>1),  .  .  ., 
that  is,  1,  1,  .  .  .,  in  the  row  headed  1. 

To  fill  the  other  rows,  construct  a  piece  of  paper  of  the  form 
abed.  Its  use  will  be  understood  from  the  following  rule,  which 
is  simply  a  translation  of  (13)  : — 

To  fill  the  blank  immediately  after  the  end  of  any  step,  add 
to  the  entry  above  that  blank  the  number  which  is  found  at  the 
left-hand  end  of  the  step. 

Thus,  to  get  the  number  23,  which  stands  at  the  end  of  the 
step  lying  on  the  fourth  horizontal  line,  we  add  to  14  the  number 
9,  which  lies  to  the  immediate  right  oi  ah  ia  the  same  line  as 
the  blank.  Again,  in  the  ninth  line  157  =  146  +  11;  and 
so  on. 

By  sliding  ahcd  backwards  and  forwards,  so  that  he  always 
lies  on  AD^  we  can  fill  in  the  table  rapidly  with  little  chance  of 
error.     We  shall  speak  of  the  table  thus  constructed  as  Euler's 
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Table.     It  will  be  found  in  a  considerably  extended  form  in  his 
Introduction  Lib.  I,  chap,  xvi 

A  variety  of  problems  in  the  enumeration  of  partitions  can 
be  solved  by  means  of  Euler's  Table,  as  we  shall  now  show. 

§  22.]  To  find  by  means  of  Euler's  Table  the  number  of  partitions 
of  n  into  p  parts  of  unrestricted  magnitude. 

Let  us  first  consider  P(n  |i?  |  *  ).     By  (9)  above,  we  have 
1  +2P(w|jp|  ♦  )x''zP=\l{\  -zx){l-zx^. . .  ad  00, 

=  1  +  "SxPz^lil  -  a;)  (1  -  ic') . . .  (1  -  a;i>), 
by  Exercises  XXL  (18). 
Hence 

2P(ri|i?  I  #  >r«  =  2x1^/(1  -x){\-7?).,.  (1  -a;^), 
=  2P(n|*|>i>)a;«+P,  by  (8). 

Therefore, 

nn\p\*)-nn-p\*\>P)  (15). 

Again, 
1  +  2P^n  \p  I  *  >r~;?P  =  (1  +  zaj)  (1  +  sa^  . . .  ad  oo , 

=  1  +  2x*^i'+%P/(l  -a:)(l  -aO  . . .  {l-xP\ 
by  chap,  xxx.,  §  2,  Example  2. 
Hence 

2Pw(n|i?  I  ♦  )aJ»  =  a*<P+i)/(l  -a;)  (1  -aj") . . .  (1  -^x^), 
=  2P(n  I  *  \:3t>p)x^-^^J<P+^\  by  (8). 

Therefore 

Tu(n\p\*)  =  T(n^^(p+l)\*\:i>p)  (16). 

Example  1.  P(20  1 5  |  ♦  )=P(15  |  ♦  |l>5)  =  84. 

Example  2.  "  Pm(20  |  5  |  •  )=P(6  |  ♦  |  >  5)=7. 

§  23.]  If  we  take  any  partition  of  n  into  p  parts  in  which 
the  largest  part  is  q,  and  remove  that  part,  we  shall  leave  a  parti- 
tion of  » - g  into p-l  parts  no  one  of  which  exceeds  q.  Hence 
we  have  the  identity 

P{n\p\q)  =  P(n~q\p-\\:^q)  (17); 

and,  if  we  make  p  infinite,  as  a  particular  case,  we  have 

P(n|#|ff)  =  P(n-y|*|:t>2)  (18X 

It  will  be  observed  that  (18)  makes  the  solution  of  a  certain 
class  of  problems  depend  on  Euler's  Table. 
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By  comparing  (15)  and  (18),  we  have  the  theorem 
P(»|»|?)  =  P(«|2l#), 

which,  however,  is  only  a  particular  case  of  a  theorem  regarding 
conjugacy,  to  be  proved  presently. 
§  24.]  Theorems  regarding  conjugacy, 

(I.)  ^{n\1(>P\>i)  =  'P{n\-^<l\>P)  (19). 

(II.)      P(n-i,|2-l|>i,)  =  P(«-j|p-l|>j)        (20). 

(iiL)  P(«bk)=P(«kb)  (21). 

To  prove  (I.)  we  obeerve  that,  by  {1\  we  have 
1  +2P(»|>j)|>j)ai'a!»=l/(l  -^)(1  -«*) .. .  (1  -«r»), 

_  1  ^  ^-.(l-'^-^')(l-'^^')-(l-'^+^) 

Hence 

(l-a;)(l-af)...(l-ic9+P) 


(l-a;)(l-a0...(l-ic9)(l-x)(l-i?)...(l~a:i')' 

Since  the  function  last  written  is  symmetrical  as  regards  p 
and  g,  it  must  also  be  the  equivalent  of  2P(n  |  :^  g^  |  :^|?)a:»*. 
Hence  Theorem  (I.). 

Theorem  (II.)  follows  from  (6)  in  the  same  way. 

Since,  by  (17),  we  have 

P(^li>k)=P(^-?b-i|>!?), 

P(n|3|i?)  =  P(n-;?|g-l  !>;?); 
therefore,  by  (11. ), 

P(^bk)=P(^kb), 

which  establishes  Theorem  (III.). 

The  following  particular  cases  are  obtained  by  making  jp  or 

q^  infinite : — 

P(«|:|>i>|#)  =  P(«|.|>l,)  (22); 

P(7j|i,|»)  =  P(«IHl')  (23). 
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§  25.]  The  following  theorems  enable  us  to  solve  a  number 
of  additional  problems  by  means  of  Euler's  Table : — 

?(»  b  I  >  ?)  =  P(« -i»  I  *  I  rt*!*)  -  2P(n  - /^  -  j>  I » I  :j>i;) 

(24). 

Here  the  summations  are  with  respect  to  /n,,  jui,,  .  .  .;  and 
/i*i  is  any  one  of  the  numbers  q,  q+l,  .  .  .,  g  +^ -  1,  /i,  the  sum 
of  any  two  of  them,  fi^  the  sum  of  any  three,  and  so  on.  The 
series  of  sums  is  to  be  continued  so  long  as  n-  fir-p^O,  If 
P(w|i?|>j)  come  out  0  or  negative,  this  indicates  that  the 
partition  in  question  is  impossible. 

-2P(n-Va|*|>i?) 
.  .  .  .  (25). 

Here  j',,  v.,  .  .  .  have  the  same  meanings  with  regard  to 
g+  1,  g+  2,  .  .  .,  J  +^  as  formerly  /Ltj,  //„...  with  regard  to 
q,  ^+1,.  .  .,J+i?-l. 

P(n|*|*) 

=  P(w-l|*|>l)  +  P(7i-2|*|>2)  +  ...+P(0|*|>n)    (26). 
The  demonstrations  will  present  no  difficulty  after  what  has 
already  been  given  above; 

CONSTRUCTIVB  THEORY  OF  PARTTriONS. 

§  26.]  Instead  of  making  the  theory  of  partitions  depend  on 
series,  we  might  contemplate  the  various  partitions  directly,  and 
develop  their  properties  from  their  inherent  character.  Sylvester 
has  recently  considered  the  subject  from  this  point  of  view,  and 
has  given  what  he  calls  a  Constructive  Theory  of  Partitions,  which 
throws  a  new  light  on  many  parts  of  the  subject,  and  greatly 
simplifies  some  of  the  fundamental  demonstrations.*     Into  this 

•  Amer,  Jour.  Math,  (1882). 
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theory  we  cannot  within  our  present  limits  enter ;  but  we  desire, 
before  leaving  the  subject,  to  call  the  attention  of  our  readers  to 
the  graphic  method  of  dealing  with  partitions,  which  is  one  of 
the  chief  weapons  of  the  new  theory. 

By  the  graph  of  a  partition  is  meant  a  series  of  rows  of 
asterisks,  each  row  containing  as  many  asterisks  as  there  are 
units  in  a  corresponding  part  of  the  partition.     Thus 

*  ♦  * 
«  «  «  «  « 
«  «  « 

is  the  graph  of  the  partition  3  +  5  +  3  of  the  number  11. 

For  many  purposes  it  is  convenient  to  arrange  the  graph  so 

that  the  parts  come  in  order  of  magnitude,  and  all  the  initial 

asterisks  are  in  one  column.     Thus  the  above  may  be  written — 

The  graph  is  then  said  to  be  regular. 

The  direct  contemplation  of  the  graph  at  once 

gives  us  intuitive  demonstrations  of  some  of  the 

*  *     *  P  '  y 

foregoing  theorems. 
For  example,  if  we  turn  the  columns   of   the   graph   last 
written  into  rows,  we  have 

where  there  are  as  many  asterisks  as  before.     The  new 

#  #     4^ 

graph,  therefore,  represents  a  new  partition  of  11,  which 
may  be  said  to  be  conjugate  to  the  former  partition. 
Thus  to  every  partition  of  n  into  p  parts  the  greatest  of 
which  is  g,  there  is  a  conjugate  partition  into  q  parts  the 
greatest  of  which  is  p.     Hence 

P{n\p\q)  =  P{n\q\p\ 
an  old  result. 

Again,  to  eveu'y  partitio7i  of  n  into  p  parts  no  on^  of  which  exceeds 
q,  there  will  be  a  conjugate  partition  into  q  or  fewer  parts  the  greatest 
of  which  is  p.     Hence 

P{n\p\>q)  =  -P(n\:!f>q\p)  (27). 

a  new  result ;  and  so  on.* 

*  According  to  Sylvester  {Lc),  this  way  of  proving  the  theorems  of  con- 
jugacy  originated  with  Ferrers. 
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§  27.]  The  following  proof,  given  by  Franklin,  of  Euler's 
famous  theorem  that 

(l-a;)(l-aO(l-a;')...ad  00  =  f  (  -  )''a:*<'^=*^^>    (28),* 

p=o 
is  an  excellent  illustration  of  the  peculiar  power  of  the  graphic 
method. 

The  coefficient  of  x^  in  the  expansion  in  question  is  obviously 

Pw(n  I  even  |  #  )  -  Pw(n  |  odd  |  #  )  (29). 

Let  us  arrange  the  graphs  of  the  partitions  (into  unequal 
parts)  regularly  in  descending  order.  Then  the  right-hand  edge 
of  the  graph  will  form  a  series  of  terraces  all  having  slopes  of 
the  same  angle  (this  slope  may,  however,  consist  of  a  single 
asterisk),  thus — 

A  B 

«  «  « 
«  «  « 

«  «  «  « 
«  «  «  «  « 

We  can  transform  the  graph  A  by  removing  the  top  row  and 
placing  it  along  the  slope  of  the  last  terrace,  thus — 

We    then    have   a  regular   graph   A' 
^  ^  representing  a  partition  into  unequal  parts. 

^  ^  ^  ^  ^  This  process  may  be  called  contraction. 

«««««««  ^®  cannot  transform  B  in  this  way; 

********      ^^^  ^®  ^*7  eicfeTirf  B   by  removing  the 
slope    of   its   last  terrace,  and  placing  it 
above  the  top  row,  thus — 

We  then  have  a  regular  graph  B'  repre- 
^  ^  senting  a  partition  into  unequal  parts. 

^  ^  ^  Every  graph  can  be  transformed  by  con- 

^  ^  ^  ^  traction  or  by  extension,  except  when  the  top 

^  ^  ^       ^         row  meets  the  slope  of  the  last  terrace  ;  and  in 
******      this  case  also,  provided  it  does  not  happen  that 
the  number  of  asterisks  in  the  top  row  is  equal 

*  Euler  originally  discovered  this  theorem  by  induction  from  particular 
cases,  and  was  for  long  unable  to  prove  it.  For  other  demonstrations,  see 
Legendre,  T?Uorie  des  Nombres,  t  ii.,  §  16,  and  Sylvester  {I.e.). 
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to  the  number  in  the  last  slope  or  exceeds  it  only  by  one, 
as,  for  example,  in 

«  «  «  «  «  «  « 

Contraction  or  extension  in  the  first  of  these  would  produce 
an  irregular  graph ;  contraction  in  the  second  would  produce  an 
irregular  graph;  and  extension  would  produce  a  graph  which 
corresponds  to  a  partition  having  two  parts  equal  These  two 
cases  may  be  spoken  of  as  tmconjttgate ;  they  can  only  arise  when 
the  p  parts  of  the  partition  are 

p,    jp+1,    i?+2,     .  .  .,     2p-l, 
and  the  number 

n  =  /?  +  (^  +  l)+.  .  .  +(2i?-l)  =  J(3/-i?); 
or  when  the  p  parts  are 

i?+l,    i?+2,    p  +  S,     .  .  .,     2p, 
and 

n  =  {p+l)  +  {p-\-2)+  .  .  .  +2/7=  J(3/+jp). 

Since  contraction  or  extension  always  converts  a  partition 
having  an  even  or  an  odd  number  of  parts  into  one.  having 
an  odd  or  an  even  number  of  parts  respectively,  we  see 
that,  unless  n  he  &  number  of  the  form  K^i^'^i')' 
Ptt(n  I  even  |  *  )  =  Tv{n  \  odd  |  #  ). 

When  n  has  one  or  other  of  the  forms  H^p'^p),  there  will 
be   one   unconjugate   partition   which   will   be    even    or    odd 
according  as  ^  is  even  or  odd ;  all  the  others  will  occur  in  pairs 
which  are  conjugate  in  Franklin's  transformation.     Hence 
P^J(3/  ±p)\  even  |  *  )  -  Pt*(i(3/  ±p)\odd\*)  =  (-l)P  (30). 

Eulor*s  Theorem  follows  at  once. 


Exercises  XXXVIII. 
(1.)  Show  how  to  evaluate  Ptt(n  |>jp  |  • )  by  means  of  Eider's  Table. 
Evaluate 

(2.)  P(13|6|>8).  (3.)  P(18|>6|>3). 

(4.)P(10M*).  (5.)P(20|9|>8). 
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Establish  the  following : — 

(6.)  Pu(n  1*1*  )  =  'Pin-iq{q  +  l)  \  *  \>q),  where  iq[q  +  l)iust>n, 

(7.)  Vu{n\p\*)=.?{n-ip(p-l)\p\*), 

(8.)  T(n\p\*)=Fu{n+ip(P-'^)\p\*y 

(9.)  Tu{n\p\>q)  =  V{n-ip(p-l)\p\>q-p  +  l). 

(10.)  Is  the  theorem  P(n-^|<2'-1  |«)=P(«-g||?-l  |»)  universally 
true? 

(11.)  Show  how  to  form  a  table  for  the  values  of  P(n  |  •  1 2,  3,  .  .  . ,  ^). 
(See  Proe,  Edinb.  Math.  Soc,  1883-4.) 

(12.)  Show  how  to  form  a  table  for  the  number  of  partitions  of  n  into  an 
indefinite  number  of  odd  parts. 

Establish  the  following : — 
(18.)P(n|.|l,  2,2»,  2»,  .  .  .  )  =  1. 

(14.)  Tu{n\p\l,  3 2q-l)  =  'P{n-p'+p\p\l,  8,  .  .  .,  2g-l). 

(15.)  F{n\p\2,  4 2q)  =  Vin-p\p\l,  8,  .  .  .,  2q-n 

(16.)  P(n|«|odd)=PM(u|»U). 

(17.)  P(w|>;?|2,  4,  .  .  .,  2^)  =  P(n|><2r|2,4,  .  .  .,  2p). 

(18.)  V(n+p\p\l,  8,  .  .  .,  2q+l)=V(n+q\q\l,  8,  .  .  .,  2p+l). 

(19.)  Pt/(n+iy»|jp|l,  8,  .  .  .,  2q  +  l)  =  'Pu(n+f\q\h  3,  .  .  .,  2p  +  n 

(20.)  P(n  +  2p|^|2,  4,  .  .  .,  2g  +  2)=P(n+2fir|g  |2,  4 2p+2). 

(21.)  ShowthatP(n|^|«)=P(w-l|i?-l|»)  +  P(n-i?|i?i»);  andhence 
construct  a  table  for  P(n  |i?  |  ♦ ).  (See  Whitworth,  Choice  and  Chcmce,  chap, 
iii.). 
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CHAPTEE   XXXVI. 
Probability,  or  the  Theory  of  Averages. 

§  1.]  An  elementary  account  of  the  Theory  of  Probability, 
or,  as  we  should  prefer  to  call  it,  the  Theory  of  Averages,  has 
usually  found  a  place  in  English  text-books  on  algebra.  This 
custom  is  justified  by  several  considerations.  The  theory  in 
question  affords  an  excellent  illustration  of  the  application  of  the 
theory  of  permutations  and  combinations  which  is  the  funda- 
mental part  of  the  algebra  of  discrete  quantity ;  it  forms  in  its 
elementary  parts  an  excellent  logical  exercise  in  the  accurate  use 
of  terms  and  in  the  nice  discrimination  of  shades  of  meaning ; 
and,  above  all,  it  enters,  as  we  shall  see,  into  the  regulation  of 
some  of  the  most  important  practical  concerns  of  modern  Ufa 

The  student  is  probably  aware  that  there  are  certain  occur- 
rences, or  classes  of  events,  of  such  a  nature  that^  although  we 
cannot  with  the  smallest  degree  of  certainty  assert  a  particiilar 
proposition  regarding  any  one  of  them  taken  singly,  yet  we  can 
assert  the  same  proposition  regarding  a  large  number  N  of  them 
with  a  degree  of  certainty  which  increases  (with  or  without  limit, 
as  the  case  may  be)  as  the  number  N  increases. 

For  example,  if  we  take  any  particular  man  of  20  years  of  age, 
nothing  could  be  more  uncertain  than  the  statement  that  he  will 
live  to  be  25  ;  but,  if  we  consider  1000  such  men,  we  may  assert 
with  considerable  confidence  that  96  per  cent  of  them  will  live  to 
be  25  ;  and,  if  we  take  a  million,  we  might  with  much  greater  con- 
fidence assign  the  proportion  with  even  closer  accuracy.  In  so 
doing,  however,  it  would  be  necessary  to  state  the  limits  both  of 
habitat  and  epoch  within  which  the  men  are  to  be  taken ;  and, 
even  with  a  million  cases,  we  must  not  expect  to  be  able  to  assign 
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the  proportion  of  those  who  survive  for  5  years  with  absolute 
accuracy,  but  be  prepared,  when  we  take  one  million  with 
another,  to  find  occasional  small  fluctuations  about  the  indicated 
percentage. 

We  may,  for  illustration,  indicate  the  limits  just  spoken  of 
by  saying  that  "man  of  20"  is  to  mean  a  healthy  man  or 
woman  liviilg  in  England  in  the  18th  century.  The  "event," 
as  it  is  technically  called,  here  in  question  is  the  living  for  5 
years  more  of  a  man  of  20 ;  the  alternative  to  this  event  is  not 
living  for  5  years  more.  The  whole,  made  up  of  an  event  and 
its  alternative  or  alternatives,  we  call  its  universe.  The  alternative 
or  alternatives  to  an  event  taken  collectively  we  often  call  the 
Complementary  Event.  The  living  or  not  living  of  all  the  men  of 
20  in  England  during  the  18th  century  we  may,  following  Mr. 
Venn,*  call  the  series  of  the  event  It  will  be  observed  that  on 
every  occasion  embraced  by  the  series  the  event  we  are  consider- 
ing is  in  question ;  and  we  express  the  above  result  of  observa- 
tion by  saying  that  the  probability  that  a  man  of  20  living 
under  the  assigned  conditions  reached  the  age  of  25  is  '96. 

We  are  thus  led  to  the  following  abstract  definition  of  the 
ProbaMUy  or  Chance  of  an  Event : — 

If  on  taking  any  very  large  number  N  out  of  a  series  of  cases 
in  which  an  event  A  is  in  question,  A  happens  on  jpN  occasionSy  the 
probability  of  the  event  A  is  said  to  be  p. 

In  the  framing  of  this  definition  we  have,  as  is  often  done  in 
mathematical  theories,  substituted  an  ideal  for  the  actual  state 
of  matters  usually  observed  in  nature.  In  practice  the  number 
Py  which  for  the  purposes  of  calculation  we  suppose  a  definite 
quantity,  would  fluctuate  to  an  extent  depending  on  the  nature 
of  the  series  of  cases  considered  and  on  the  number  N  of  specimen 
cases  selected!  Moreover,  the  mathematical  definition  contains 
no  indication  of  the  extent  or  character  of  the  series  of  cases. 

*  Logic  of  Chance, 

+  We  might  take  more  explicit  notice  of  this  point  by  wording  the 
definition  thus : — '*  If,  on  the  average,  in  K  ont  of  a  series  of  cases,  &c."  But, 
from  the  point  of  Tiew  of  the  ideal  or  mathematical  theory,  nothing  would 
thus  be  gained. 
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How  far  the  possible  fluctuations  of  p^  the  extent  of  the  series, 
and  the  magnitude  of  N  will  affect  the  bearing  of  any  con- 
clusion on  practice  must  be  judged  by  the  light  of  circumstances. 
It  is  obvious,  for  instance,  that  it  would  be  unwise  to  apply  to 
the  14th  century  the  probability  of  the  duration  of  human  life 
deduced  from  statistics  taken  in  the  1 8th.  This  leads  us  also  to 
remark  that  the  application  of  the  theory  of  probability  is  not 
merely  historical,  as  the  definition  might  suggest.  Into  most  of 
the  important  practical  applications  there  enters  an  element  of 
induction,*  Thus  we  do  in  fact  apply  in  the  19th  century  a 
table  of  mortality  statistics  deduced  from  observations  in  the 
18th  century.  The  warranty  for  this  extension  of  the  series  of 
cases  by  induction  must  be  sought  in  experience,  and  cannot  in 
most  cases  be  obtained  a  priori. 

There  are,  however,  some  cases  where  the  circumstances  are 
so  simple  that  the  probability  of  the  event  can  be  deduced, 
without  elaborate  collecting  and  sifting  of  observations,  merely 
from  our  definition  of  the  circumstances  under  which  the  event 
is  to  take  place.  The  best  examples  of  such  cases  are  games  of 
hazard  played  with  cards,  dice,  &c.  If,  for  example,  we  assert 
regarding  the  tossing  of  a  halfpenny  that  out  of  a  large  number 
of  trials  heads  will  come  up  nearly  as  often  as  tails — ^in  other 
words,  that  the  probability  of  heads  is  |,  what  we  mean  thereby 
is  that  all  the  causes  which  tend  to  bring  up  heads  are  to 
neutralise  the  causes  that  tend  to  bring  up  tails.  In  every 
series  of  cases  in  question,  the  assumption,  well  or  ill  justified, 
is  made  that  this  counterbalancing  of  causes  takes  place.  That 
this  is  really  the  right  point  of  view  will  be  best  brought  home 
to  us  if  we  reflect  that  undoubtedly  a  machine  could  be  con- 
structed which  would  infallibly  toss  a  halfpenny  so  as  always 
to  land  it  head-up  on  a  thickly  sanded  floor,  provided  the  coin 
were  always  placed  the  same  way  into  the  machine;  also,  that  the 
coin  might  have  two  heads  or  two  tails ;  and  so  on. 

In  cases  where  the  statement  of  probability  rests  on  grounds 
so  simple  as  this,  the  difficulty  regarding  the  extension  of  the 

*  Id  the  proper,  logical  sense  of  the  word. 
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series  by  induction  is  less  prominent.  The  ideal  theory  in  such 
cases  approximates  more  closely  than  usual  to  the  actual  circum- 
stances. It  is  for  this  reason  that  the  illustrations  of  the 
elementary  rules  of  probability  are  usually  drawn  from  games  of 
hazard.  The  reader  must  not  on  that  account  suppose  that  the 
main  importance  of  the  theory  lies  in  its  application  to  such 
cases ;  nor  must  he  forget  that  its  other  aipplications,  however 
important,  are  subject  to  restrictions  and  limitations  which  are 
not  apparent  in  such  physically  simple  cases  as  the  theory  of 
cai*ds  and  dice. 

Before  closing  this  discussion  of  the  definition  of  probability 
as  a  mathematical  quantity,  it  will  be  well  to  warn  the  learner 
that  probability  is  not  an  attribute  of  any  particular  event 
happening  on  any  particular  occasion.  It  can  only  be  predicated 
of  an  event  happening  or  conceived  to  happen  on  a  very  large 
number  of  "  occasions,"  or,  in  popular  language,  of  an  event  "  on 
the  average  "  or  in  the  "  long  rua"  Unless  an  event  can  happen, 
or  be  conceived  to  happen,  a  great  many  times,  there  is  no  sense 
in  speaking  of  its  probability,  or  at  least  no  sense  that  appears  to 
us  to  be  admissible  in  the  following  theory.  The  idea  conveyed 
by  the  definition  here  adopted  would  be  better  expressed  by 
substituting  the  word  frequency  for  the  word  jn-obabUity;  but, 
after  the  above  caution,  we  shall  adhere  to  the  accepted  term. 

§  2.]  The  following  corollaries  and  extensions  may  be  added 
to  the  definition. 

Cor.  1.  If  the  prohabilUy  of  an  event  be  p,  then  out  of  "S  eases  in 
which  it  is  in  gv>estion  it  wUl  happen  jpN  times,  N  being  any  very 
large  number. 

This  is  merely  a  transposition  of  the  words  of  the  definition. 

As  an  example,  let  it  be  required  to  find  the  number  out  of  5000  men  of  20 
years  of  age  who  will  on  the  average  live  to  be  25.  The  probability  of  a  man 
of  20  living  to  be  25  may  be  taken  to  be  '96  ;  hence  the  number  required  is 
•96x5000=4800. 

Cor.  2.  If  the  probability  of,  an  event  be  p,  the  probability  of  its 
failing  is  I -p. 

For  out  of  a  large  number  N  of  cases  the  event  will  happen 
on  j>N  occasions^    hence   it   will  fail  to   happen   on   H-pS 
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=  (1  -i?)N  occasions.     Hence,  by  the  definition,  the  probability 
of  the  failing  of  the  event  is  I -p. 

Cor.  3.  If  the  universe  of  an  event  he  made  up  of  n  alternatives, 
OTy  in  other  words,  if  an  event  must  happen  and  thai  in  one  ovi  of  n 
ways,  and  if  the  respective  probabilities  of  its  happening  in  these  vxiys 
bep,,p,,.  .  ,,pn,thenp,+p^+.  .  .  +Pn=h 

For  on  every  one  of  N  occasions  the  event  will  happen ;  and 
it  will  happen  in  the  first  way  on^jN  occasions,  in  the  second  on 
j?,N  occasions,  and  so  on.  Hence  N  =  ^,N  +Pa^  +  .  .  .  +|?nN ; 
that  is,  1  =^1  +pa  +  .  .  .  +pn- 

Cor.  4.  If  an  event  is  certain  to  happen,  its  probability  isl ;  if  it 
is  certain  not  to  happen,  its  probability  is  0. 

For  in  the  former  case  the  event  happens  on  1 .  N  cases  out 
of  N  cases ;  in  the  latter  on  O.N  cases  out  of  N. 

The  probability  of  every  event  is  thus  a  positive  number 
lying  between  0  and  1. 

Cor.  5.  If  an,  event  must  happen  inoneovi  of  n  ways  ail  equally 
probable,  or  if  one  out  of  n  events  must  happen  and  ail  are  equally 
probable,  then  the  probabilUy  of  each  way  of  happening  in  the  first 
case,  or  of  each  event  happening  in  the  second,  is  1/n. 

This  follows  at  once  from  Cor.  3  by  making ^^  =i?a  = .  .  .  =  Pn* 

As  a  particular  case,  it  follows  that,  if  an  event  be  equally 
likely  to  happen  or  to  fail,  its  probability  is  ^. 

Definition. — The  ratio  of  the  probabUiiy  of  the  happening  of  an 
event  to  the  probabilUy  of  its  failing  to  happen  is  called  the  odds  in 
favov/r  of  the  event,  and  the  reciprocal  of  this  ratio  is  called  the  odds 
against  it 

Thus,  if  the  probability  of  an  event  be  p,  the  odds  in  favour 
are  ^;  1  -jp;  the  odds  against  1  -pip.  Also,  if  the  odds  in 
favour  be  m : »,  the  probability  of  the  event  is  m/(m  +  n).  If  the 
probability  of  the  event  be  \,  that  is,  if  it  be  equally  likely  to 
happen  or  to  fail,  the  odds  in  favour  are  1:1,  and  are  said  to 
be  even. 

Cor.  6.  If  the  universe  of  an  event  can  be  analysed  into  m  +  n 
cases  each  of  which  in  the  long  run  vMl  occur  equally  often,*  and  if 

*  This  is  usually  expressed  by  saying  that  all  the  cased  are  equally  likely. 
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in  m  of  these  cases  the  event  will  happen  and  in  the  remaining  nfaU 
to  happen,  the  probahUiiy  of  the  event  is  mjim  +  n). 
After  what  has  been  said  this  will  be  obvioua 


DIRECT  CALCULATION   OF  PROBABILITIES. 

§  3.]  The  following  examples  of  the  calculation  of  proba- 
bilities require  no  special  knowledge  beyond  the  definition  of 
probability  and  the  principles  of  chap,  xxiii. 

Example  1.  There  are  5  men  in  a  company  of  20  soldiers  who  have  made 
up  their  minds  to  desert  to  the  enemy  whenever  they  are  put  on  outpost  duty. 
If  3  men  be  taken  from  the  company  and  sent  on  outpost  duty,  what  is  the 
probability  that  all  of  them  desert  f 

The  8  men  may  be  chosen  from  among  the  20  in  mCs  ways,  all  of  which 
are  equally  likely.  Three  deserters  may  be  chosen  from  among  the  5  in  sOs 
ways,  all  equally  likely.     The  probability  of  the  event  in  question  is  therefore 

•^^^^-rXs/    1.2.3  -^'^^*' 

Example  2.  If  n  people  seat  themselves  at  a  round  table,  what  is  the 
chance  that  two  named  individuals  be  neighbours  ? 

There  are  (see  chap,  xxiii.,  §  4)  (w  - 1)  1  different  ways,  all  equally  likely,  in 
which  the  people  may  seat  themselves.  Among  these  we  may  have  A  and  B 
or  B  and  A  together  along  with  the  (n  -  2)  I  different  arrangements  of  the 
rest ;  that  is,  we  have  2(n  -  2) !  cases  favourable  to  the  event  and  all  equally 
likely.    The  required  chance  is  therefore  2(n  -  2) !/(»  - 1)  1= 2/(n  - 1), 

When  fi=3,  this  gives  chance  =1,  as  it  ought  to  do.  The  odds  against 
the  event  are  in  general  n  -  3  to  2  ;  the  odds  will  therefore  be  even  when  the 
number  of  people  is  5. 

Example  3.  If  a  be  a  prime  integer,  and  n=a'',  and  if  any  integer  I  >  n  be 
taken  at  random,  find  the  chance  that  I  contains  a  as  a  factor  8  times  and  no 
more. 

The  integer  I  must  be  of  the  form  Xa',  where  X  is  any  integer  less  than 
a^*  and  prime  to  a*^*.  Now,  by  chap,  xxxv.,  §  8,  the  number  of  integers 
less  than  a*^'  and  prime  to  it  is  a*"''(l  -  1/a).  Also  the  number  of  integers 
>n  is  a*".  Hence  the  required  chance  is  a*^(l-l/a)/a''=a-«(l-l/a)  =  l/a* 
-1/aH-i. 

Example  4.  Find  the  probability  that  two  men  A  and  B  of  m  and  n  years 
of  age  respectively  both  survive  for  ^  years. 

The  mortality  tables  (see  §  15  below)  give  us  the  numbers  out  of  100,000 
individuals  of  10  years  of  age  who  complete  their  mth,  nth,  m+i^th,  n+^th 
years.  Let  these  numbers  be  l^,  In,  Im^,  2ihj>-  '^^  probabilities  that  A 
and  B  live  to  he  m+p  and  n+p  years  of  age  respectively  are  l^^ln^,  In^tn 
respectively.  Consider  now  two  large  groups  of  men  numbering  M  and  N 
respectively.    We  suppose  A  to  be  always  selected  from  the  first  and  B  always 
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from  the  second.  In  thiB  way  we  conld  select  altogether  MN  pairs  of  men 
who  may  be  alive  or  dead  after  p  years  have  elapsed.  The  number  out  of 
the  M  men  living  after  p  years  is  VLlm^lmt  by  §  2,  Cor.  1.  Similarly  the 
number  living  out  of  the  N  men  is  ^In^ln*  Out  of  these  we  could 
form  MN2m49^.H»/2m2n  pairs.  This  last  number  will  be  the  number  of  pairs 
of  survivors  out  of  the  MK  pairs  with  which  we  started.  Hence  the 
probability  required  is  ln,+pl^llmln={lm+pllm){fnHJ^)  i  ^  o*^'  words,  it  is 
the  product  of  the  probabilities  that  the  two  men  singly  each  survive  (orp 
years.  The  student  should  study  this  example  carefully,  as  it  furnishes  a 
direct  proof  of  a  result  which  would  usually  be  deduced  from  the  law  for 
the  multiplication  of  probabilities.    See  below,  §  6. 

Example  5.  A  number  of  balls  is  to  be  drawn  from  an  urn,  1,  2,  .  .  .,  n 
being  all  equally  likely.  What  is  the  probability  that  the  number  drawn 
be  even  ? 

We  can  draw  1,  2,  .  .  .,  n  respectively  in  nCi,  nCj,  .  .  .,  nPn  ways 
respectively.  Hence  we  may  consider  the  universe  of  the  event  as  consisting 
ofnCi+»Cj+.  .  .+nC«=(l  +  l)"-l=2»-lequ8llylikelycases.  Thenumber 
of  these  in  which  the  drawing  is  even  is  »Cs+nC4+. .  .=4{(1 +  !)"+(! -1)"- 2} 
=4(2*  -  2) =2*-*  - 1.  The  number  of  ways  in  which  an  odd  drawing  can  be 
madeiSnCi+nC8+.  .  .  =J{(l  +  l)»-(l-l)"}=42*=2*-i.  Hence  the  chance 
that  the  drawing  be  even  is  (2"-i-l)/(2»»-l),  that  it  be  odd  2*-V(2»  - 1). 
The  sum  of  these  is  unity,  as  it  ought  to  be  ;  since,  if  the  drawing  is  not  odd, 
it  must  be  even.  In  general,  an  odd  drawing  is  more  likely  than  an  even 
drawing,  the  odds  in  its  favour  being  2»-^ :  2"-^  - 1 ;  but  the  odds  become 
more  nearly  even  as  n  increases. 

Example  6.  A  white  rook  and  two  black  pawns  are  placed  at  random  on 
a  chess-board  in  any  of  the  positions  which  they  might  occupy  in  an  actual 
game.  Find  the  ratio  of  the  chance  that  the  rook  can  take  one  or  both  of  the 
pawns  to  the  chance  that  either  or  both  of  the  pawns  can  take  the  rook. 

Let  us  look  at  the  board  from  the  side  of  white ;  and  calculate  in  the  first 
place  the  whole  number  of  possible  arrangements  of  the  pieces.  No  black 
pawn  can  He  on  any  of  the  front  squares ;  hence  we  may  have  the  rook  on 
any  of  these  8  and  the  two  pawns  on  any  two  of  the  remaining  56 ;  in  all, 
8  X  2uC8= 8  X  66  X  55  arrangements.  Again,  we  may  have  the  rook  on  any  one 
of  the  56  squares  and  the  two  pawns  on  any  two  of  the  remaining  55  squares ; 
in  aU,  56  X  55  X  54  arrangements.  The  universe  may  therefore  be  supposed  to 
contain  62  x  56  x  55  equally  likely  cases. 

Instead  of  calculating  the  chance  that  the  rook  can  take  either  or  both  of 
the  pawns,  it  is  simpler,  as  often  happens,  to  calculate  the  chance  of  the 
complementary  event,  namely,  that  the  rook  can  take  neither  of  the  pawns. 
If  the  rook  lie  on  one  of  the  front  row  of  squares,  neither  of  the  pawns  can  lie 
on  the  corresponding  column,  that  is,  the  pawns  may  occupy  any  two  out  of 
49  squares ;  this  gives  8  x  49  x  48  arrangements.  If  the  rook  lies  in  any  one 
of  the  remaining  56  squares,  neither  of  the  pawns  must  lie  in  the  row  or 
column  belonging  to  that  square  ;  hence  there  are  for  the  two  pawns  42  x  41 
positions.    We  thus  have  56x42x41  arrangements.    Altogether  we  have 


Digitized  by 


Google 


XXXVI  DIRECT  CALCULATION  OF  PROBABILITIES  546 

8x49x48  +  56x42x41  =  66x49x42  arrangements  in  which  the  rook  can 
take  neither  pawn.  Hence  the  chance  that  the  rook  can  take  neither  pawn  is 
56  X  49  X  42/62  x  56  x  55  =  1029/1705.  The  chance  that  the  rook  can  take  one 
or  hoth  of  the  pawns  is  therefore  1  - 1029/1705  =  676/1705: 

Consider  now  the  attack  on  the  rook.  If  he  is  on  a  side  sqnare,  he  can 
only  be  attacked  by  either  of  the  two  pawns  from  one  square.  For  the  side 
squares  we  have  therefore  only  24  x  54  arrangements  in  which  the  rook  can 
be  taken.  There  remain  86  squares  on  each  of  which  the  rook  can  be  taken 
from  two  squares,  that  iff,  in  6  ways.  For  the  86  squares  we  therefore  have 
36  X  2  +  86  X  4  x  53  arrangements  in  which  the  rook  can  be  taken  by  one  or  by 
both  the  pawns.  Altogether  there  are  9000  arrangements  in  which  the  rook 
may  be  taken.  Hence  the  chance  that  he  be  in  danger  is  9000/62  x  56  x  55 = 
225/4774.     The  ratio  of  the  two  chances  is  9464 :  1125. 

§  4.]  A  considerable  number  of  interesting  examples  can  be 
solved  by  the  method  of  chap,  xxiii.,  §  15.  Let  there  be  r  bags, 
the  first  of  which  contains  ^i,  &i,  c^,  .  .  .,  ^^  counters,  marked 
with  the  numbers  ax,  jSj,  y,,  .  .  .,  ici ;  the  second,  o^,  &„  Cg,  .  .  .  ^g, 
marked  og,  j8g,  y^,  .  .  .,  Kg ;  and  so  on.  If  a  counter  be  drawn 
from  each  bag,  what  is  the  chance  that  the  sum  of  the  numbers 
drawn  is  n ) 

By  chap,  xxiii.,  §  15,  the  number  of  ways  in  which  the  sum 
of  the  drawings  can  amount  to  n  is  the  coefficient,  An  say,  of  a^ 
in  the  distribution  of  the  product 

(ajic*!  +  JiO^i  + .  .  .  +  k^T^T) 
X  (agX*^  +  Jgicft  +  .  .  .  +  *gaj*2) 


X  (o^a^  +  JyoA  + .  .  .  +  ^yic*^). 

Again,  the  whole  number  of  drawings  possible  is  the  sum  of 
all  the  coefficients ;  that  is  to  say, 

(ttj  +  6,  +  .  .  .  +  h^ 
X  (a,  +  6g  + .  .  .  +  ^) 

X  (a,.  +  6y  + .  .  .  +  Av)  =  A  say- 
Hence  the  required  chance  is  An/D. 

Example  1.  A  throw  has  been  made  with  three  dice.     The  sum  is  known 
to  be  12  ;  required  the  probability  that  the  throw  was  4,  4,  4. 

The  number  of  ways  in  which  12  can  be  thrown  with  three  dice  is  the  co- 
efficient of  »"  in 

(jB^ + {b" + «* + aj* + aj* + a^)*, 

VOL.  n  2  N 
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that  is  to  say,  of  a^  in 

Now  the  coefficients  in  (l+a;+.  .  .  +sfi^  up  to  the  term  in  a*  are  (see 
chap,  iv.,  §15)1  +  2  +  3  +  4  +  5  +  64-5  +  4  +  3  +  2.  Hence  the  coefficient  of  sc* 
in  the  cube  of  the  multinomial  is  5  +  6  +  5  +  4  +  3  +  2=25.*  The  required 
probability  is  therefore  1/26. 

Example  2.  One  die  has  3  faces  marked  1,  2  marked  2,  and  1  marked  3  ; 
another  has  1  face  marked  1,  2  marked  2,  and  3  marked  3.  What  is  the 
most  probable  throw  with  the  two  dice,  and  what  the  chance  of  that  throw  ? 

The  numbers  of  ways  in  which  the  sums  2,  3,  4,  5,  6  can  be  made  are  the 
coefficients  of  £c*,  ar',  a;*,  a^,  afi  in  the  expansion  of  (3a; + 2a* + «*)  (a;  +  2ai2 + Za?). 
Now  this  product  is  equal  to 

33?^ + Sa:*  +  14a:*  +  8ar^ + 3a*. 
The  sum  that  will  occur  oftenest  in  the  long  run  is  therefore  4.     The 
whole  number  of  different  ways  in  which  the  different  throws  may  turn  out 
is  (8  +  2  +  1)  (l  +  2  +  3)=36.     Hence  the  probability  of  the  sum  4  is  14/36 
=  7/18. 

Example  3.  An  urn  contains  m  counters  marked  with  the  numbers  1,  2, 
.  .  . ,  m.  A  counter  is  drawn  and  replaced  r  times ;  what  is  the  chance  that 
the  sum  of  the  numbers  drawn  is  n  ?t 

The  whole  number  of  possible  different  drawings  is  m*". 

The  number  of  those  which  give  the  sum  n  is  the  coefficient  of  af*  in 
{x+a^  +  .  .  .+af^y,  that  is.  to  say,  of  aJ»-»-  in  (l+a;+.  .  .+a-»-i)'.      Now 
1  +  a; + .  .  .  +  a?»-^ = (1  -  aJ*")/(l  -  a;).    We  have  therefore  to  find  the  coefficient 
of  af*-*"  in 
(l-a*»)''(l-aj)-^={l-rCia«+rCsa^-,jC8a*»+ .  .  .} 

The  coefficient  in  question  is 
_r(r+l).  .  .  (w-1)    r(r+l).  . .  (n-m-l)r 
""*"  {n-r)\  (n-r-m)!l! 

r(r+l).  ..(w-2m-l)r(r-l) 

(n-r-2m)!2!  ■  •  .     . 

The  required  probability  is  An-r/inT* 

Example  4.  If  m  odd  and  n  even  integers  {n<tm-l)he  written  down  at 
random,  show  that  the  chance  that  no  two  odd  integers  are  adjacent  is 
nl(n  +  l)\/(m+n)\(n-m+l)\. 

In  order  to  find  in  how  many  different  ways  we  can  write  down  the  integers 
so  that  no  two  odd  ones  come  together,  we  may  suppose  the  m  odd  integers 
written  down  in  any  one  of  the  m  1  possible  ways,  and  consider  the  m  - 1 
spaces  between  them  together  with  the  two  spaces  to  the  right  and  left  of  the 
row.     The  problem  now  is  to  find  in  how  many  ways  we  can  fill  the  n  even 

*  We  might  also  have  found  the  coefficient  of  a:"  by  expanding 
(1  - 3^)^(1  -a;)-*,  as  in  Example  4  below. 

t  This  is  generally  called  Demoivre's  Problem.  For  an  interesting  account 
of  its  history  see  Todhunter,  Eist,  Prob.,  pp.  69,  85. 
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integers  into  the  spaces  so  that  there  shall  always  be  one  at  least  in  every  one 
of  the  m  - 1  spaces.  A  little  consideration  will  show  that  the  number  of  ways, 
irrespective  of  order,  is  the  coefficient  of  x"  in 

{l+x  +  3^  +  ,  .  .  &dao)^{x+a^+.  .  .  adoo)"»-^; 
thatis,  ofa!"-«+Mn  (l+a;+a?»+  .  .  .)*(l+a;+ar»+  .  .  O**"" ; 
that  is,  of  aJ»-«+i  in  (1  -  z)-i^K 

This  coefficient  is 

(m  +  1) (m+2)..  .(n+1)^       (n+l)\      _ 
(n-m  +  1)!  m!(n-7/i+l)f 

If  we  remember  that  every  distribution  of  the  n  integers  among  the  m+ 1 
spaces  can  be  permutated  in  n  !  ways,  we  now  see  that  the  number  of  ways  in 
which  the  m+n  integers  can  be  arranged  as  required  is 

n!m!(n  +  l)!/w!(7i-m  +  l)!  =  n!(n  +  l)!/(w-wi  +  l)!. 
The  whole  number  of  ways  in  which  the  m+n  integers  can  be  arranged  is 
(m  +  n) !,  hence  the  probability  required  is  n !  (n  + 1 ) !  /(n  -  m  + 1)  I  (m  +  n) ! . 

ADDITION  AND  MULTIPLICATION   OF  PROBABILITIES. 

§  5.]  In  many  cases  we  have  to  consider  the  probabilities  of 
a  set  of  events  which  are  of  such  a  nature  that  the  happening  of 
any  one  of  them  upon  any  occasion  excludes  the  happening  of 
any  other  upon  that  particular  occasion.  A  set  of  events  so 
related  are  said  to  be  mutually  exclusive.  The  set  of  events  con- 
sidered may  be  merely  diiBferent  ways  of  happening  of  the 
same  events  provided  these  ways  of  happening  are  mutually 
exclusive. 

In  such  cases  the  following  rule,  which  we  may  call  the 
Addition  Bule,  applies : — 

If  the  probabilities  of  n  mutually  exclusive  events  be  p^,  p^,  .  .  ., 
Pny  the  chance  that  one  out  of  these  n  events  happens  on  any  particular 
occasion  on  which  all  of  them  are  in  question  isp^  +Pa  + .  .  .  +pn. 

To  prove  this  rule,  consider  any  large  number  N  of  occasions 
where  all  the  events  are  in  question.  Out  of  these  N  occasions  the 
n  events  will  happen  on  |?iN,|?aN,  .  .  .,  PnN  occasions  respect- 
ively. There  is  no  cross  classification  here,  since  no  more  than 
one  of  the  events  can  happen  on  any  one  occasion.  Out  of  N 
occasions,  therefore,  one  or  other  of  the  n  events  will  happen  on 
PiN  +^aN  + .  •  •  -^Pn^  =  {Pi+Pa  +  '  •  •  +  Pn)^ occasions.  Hence 
the  probability  that  one  out  of  the  n  events  happens  on  any  one 
occasion  iBpi+pt  +  -  .  .  +  Pn- 
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It  should  be  observed  that  the  reasoning  would  lose  all  force 
if  the  events  were  not  mutually  exclusive,  for  then  it  might  be 
that  on  the  |>iN  occasions  on  which  the  first  event  happens  one 
or  more  of  the  others  happen.  We  shall  give  the  proper  formula 
in  this  case  presently. 

As  an  illustration  of  the  application  of  this  rnle,  let  ns  suppose  that  a 
throw  is  made  with  two  ordinary  dice,  and  calculate  the  probability  that  the 
throw  does  not  exceed  8.  There  are  7  ways  in  which  the  event  in  question 
may  happen,  namely,  the  throw  may  be  2,  8,  4,  5,  6,  7,  or  8  ;  and  these  ways 
are  of  course  mutually  exclusive.  Now  (see  §  4,  Example  1)  the  probabilities 
of  these  7  throws  are  1/36,  2/36,  8/36,  4/36,  5/36,  6/36,  6/36  respectively. 
Hence  the  probability  that  a  throw  with  two  dice  does  not  exceed  8  is 
(l+2  +  8  +  4  +  6  +  6  +  5)/86  =  26/86  =  18/18. 

§  6.]  When  a  set  of  events  is  such  that  the  happening  of 
any  one  of  them  in  no  way  affects  the  happening  of  any  other, 
we  say  that  the  events  are  mutually  iTidependeni,  For  such  a  set 
of  events  we  have 'the  following  MuUiplkaiion  Rvle : — 

If  the  respective  probabUUies  of  n  independent  events  he  Pi,  Pa, 
•  '  -i  Pnji^  probability  thai  they  all  happen,  on  any  occasion  in  which 
all  of  them  are  in  question  is  p^p^  -  ^Pn- 

In  proof  of  this  rule  we  may  reason  as  follows : — Out  of 
any  large  number  N  of  cases  where  all  the  events  are  in  question, 
the  first  event  will  happen  on  p^lH  occasions.  Out  of  these  ^^N 
occasions  the  second  event  will  also  happen  on  Pa(Pi^)  =  PiPa^ 
occasions;  so  that  out  of  N  there  are  p^PaN  occasions  on 
which  both  the  first  and  second  events  happen.  Continuing 
in  this  way,  we  show  that  out  of  N  occasions  there  are 
PiPa '  •  •  Pn^  occasions  on  which  all  the  n  events  happen.  The 
probability  that  all  the  n  events  happen  on  any  occasion  is  there- 
fore ^,p,.  ..pn- 

It  should  be  noticed  that  the  above  reasoning  would  stand 
if  the  events  were  not  independent,  provided  p^  denote  the 
probability  that  event  2  happen  after  event  1  has  happened,  p^ 
the  probability  that  3  happen  after  1  and  2  have  happened,  and 
so  on. 

It  must  be  observed,  however,  that  the  probability  calculated 
is  then  that  the  events  happen  in  the  order  I,  2,  3,  .  .  .,  n. 
Hence  the  following  conclusion  : — 
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Cor.  If  ihe  events  1,  2,  .  .  ,,  n  be  interdependent  and  p^  denote 
the  probability  of  I,  p^  the  probability  that  2  happen  after  1  has 
happened^  p^  the  probability  that  3  happen  after  1  and  2  have 
happened f  and  so  on,  then  the  probability  thai  the  events  1,2,.  .  .,  n 
happen  in  the  order  indicated  is  p^p^ . .  .pn. 

As  an  illustration  of  the  multiplication  rule,  let  us  suppose  that  a  die  is 
thrown  twice,  and  calculate  the  probability  that  the  result  is  such  that  the 
first  throw  does  not  exceed  8  and  the  second  does  not  exceed  5. 

The  probability  that  the  first  throw  does  not  exceed  3  is,  by  the  addition 
rule,  3/6  ;  the  probability  that  the  second  does  not  exceed  5  is  5/6.  The  result 
of  the  first  throw  in  no  way  affects  the  result  of  the  second ;  hence  the 
probability  that  the  result  of  the  two  throws  is  as  indicated  is,  by  the 
multiplication  rule,  (3/6)  x  (5/6) =5/1 2. 

As  an  example  of  the  effect  of  a  slight  alteration  in  the  wording  of  the 
question,  consider  the  following : — A  die  has  beep  thrown  twice  :  what  is  the 
probability  that  one  of  the  throws  does  not  exceed  8  and  the  other  does  not 
exceed  5  ? 

Since  the  particular  throws  are  now  not  specified,  the  event  in  question 
happens — 1st,  if  the  first  throw  does  not  exceed  8  and  the  second  does  not 
exceed  5  ;  2nd,  if  the  first  throw  is  4  or  5  and  the  second  does  not  exceed  8. 
These  cases  are  mutually  exclusive,  and  the  respective  probabilities  are  5/12 
and  1/6.  Hence,  by  the  addition  rule,  the  probability  of  the  event  in  question 
iS  7/12. 

§  7.]  The  following  examples  will  illustrate  the  application 
of  the  addition  and  mtdtiplication  of  probabilities. 

Example  1.  One  urn,  A,  contains  m  balls,  pm  being  white,  (1  -jE>)m black; 
another,  B,  contains  n  balls,  qn  white,  (1  -  q)n,  black.  A  person  selects  one  of 
the  two  urns  at  random,  and  draws  a  ball ;  calculate  the  chance  that  it  be 
white  ;  and  compare  with  the  chance  of  drawing  a  white  ball  when  all  the 
971  +  71  balls  are  in  one  urn. 

There  are  two  ways,  mutually  exclusive,  in  which  a  white  ball  may  be 
drawn,  namely,  from  A  or  from  B. 

The  chance  that  the  drawer  selects  the  urn  A  is  1/2,  and  if  he  selects  that 
urn  the  chance  of  a  white  ball  is  p.  Hence  the  chance  that  a  white  ball  is 
drawn  from  A  is  (§  6,  Cor.)  \p.  Similarly  the  chance  that  a  white  ball 
is  drawn  from  B  is  ig.  The  whole  chance  of  drawing  a  white  ball  is  there- 
fore (p+g)/2. 

If  all  the  balls  be  in  one  urn,  the  chance  is  (|7m+^)/(m+n). 

Now  (pm + qn)l(m  +  n)  >  =  <  (jt? + g)/2, 

according  as  2(^771 + qn)  >  =  <  (^  +  g)  (m + n), 

according  as  (m  -  w)  (/?  -  j')  >  =  <  0. 

Hence  the  chance  of  drawing  a  white  ball  will  be  unaltered  by  mixing  if 
either  the  numbers  of  balls  in  A  and  B  be  equal,  or  the  proportion  of  white 
balls  in  each  be  the  same. 


Digitized  by 


Go^Ie 


550  EXAMPLES  OF  MULTIPLICATION  AND  ADDITION         chap. 

If  the  number  of  balls  be  unequal,  and  the  proportions  of  white  be  un- 
equal, then  the  mixing  of  the  balls  will  increase  the  chance  of  drawing  a 
white  if  the  urn  which  contains  most  balls  hare  also  the  larger  proportion  of 
white ;  and  will  diminish  the  chance  of  drawing  a  white  if  the  urn  whicli 
contains  most  balls  have  the  smaller  proportion  of  white. 

De  Morgan*  has  used  a  particular  case  of  this  example  to  point  out  the 
danger  of  a  fallacious  use  of  the  addition  rule.  Let  us  suppose  the  two  urns 
to  be  as  follows  :  A  (3  wh.,  4  bl.) ;  B  (4  wh.,  3  bl.).  We  might  then  with 
some  plausibility  reason  thus  : — The  drawer  must  select  either  A  or  B.  If  he 
select  A,  the  chance  of  white  is  8/7  ;  if  he  select  B,  the  chance  of  white  is 
4/7.  Hence,  by  the  addition  rule,  the  whole  chance  of  white  is  8/7  +  4/7  =  1. 
In  other  words,  white  is  certain  to  be  drawn,  which  is  absurd.  The  mistake 
consists  in  not  taking  account  of  the  fact  that  the  drawer  has  a  choice  of  urns 
and  that  the  chance  of  his  selecting  A  must  therefore  be  multiplied  into  hia 
chance  of  drawing  white  after  he  has  selected  A.  The  chance  should  there- 
fore be  8/14  +  4/14  =  1/2. 

The  necessity  for  introducing  the  factor  1/2  will  be  best  seen  by  reasoning 
directly  from  the  fundamental  definition.  Let  us  suppose  the  drawer  to  make 
the  experiment  any  large  number  N  of  times.  In  the  long  run  the  one  urn 
will  be  selected  as  often  as  the  other.  Hence  out  of  N  times  A  will  be  selected 
N/2  times.  Out  of  these  N/2  times  white  will  be  drawn  from  A  (3/7)  (N/2) 
=  N(8/14)  times.  Similarly,  we  see  that  white  will  be  drawn  from  B  N(4/14) 
times.  Hence,  on  the  whole,  out  of  N  trials  white  will  be  drawn 
(3/14  +  4/14)N  times.     The  chance  is  therefore  8/14  +  4/14. 

Example  2.  Four  cards  are  drawn  from  an  ordinary  pack  of  52  ;  what  is 
the  chance  that  they  be  all  of  different  suits  ? 

We  may  treat  this  as  an  example  of  §  6,  Cor.  The  chance  that  the 
first  card  drawn  be  of  one  of  the  4  suits  is,  of  course,  1.  The  chance,  after  one 
suit  is  thus  represented,  that  the  next  card  drawn  be  of  a  different  suit  is, 
since  there  are  now  only  8  suits  allowable  and  only  51  cards  to  choose 
from,  8.18/51.  After  two  cards  of  different  suits  are  drawn,  the  chance  that 
the  next  is  of  a  different  suit  is  2.18/50.  Finally,  the  chance  that  the  last 
card  is  of  a  different  suit  from  the  first  three  is  18/49.  By  the  principle  just 
mentioned  the  whole  chance  is  therefore  8.18.2.13.18/51.50.49  =  13717.25.49 
=  1/10  roughly. 

Example  8.  How  many  times  must  a  man  be  allowed  to  toss  a  penny  in 
order  that  the  odds  may  he  100  to  1  that  he  gets  at  least  one  head  ? 

Let  X  be  the  number  of  tosses.  The  complementary  event  to  "  one  head 
at  least "  is  "  all  tails."  Since  the  chance  of  a  tail  each  time  is  1/2,  and  the 
result  of  each  toss  is  independent  of  the  result  of  every  other,  the  chance  of 
**  all  tails  "  in  x  tosses  is  (1/2)*.  The  chance  of  one  head  at  least  is  therefore 
1  -  (1/2)*.  By  the  conditions  of  the  question,  we  must  therefore  have 
1- (1/2)*=  100/101; 

*  Art.  "  Theory  of  Probability,"  Uncy,  Melrop.  Republished  Ency,  Pure 
Math.  (1847),  p.  899. 
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hence  2*= 101, 

a;=logl01/log2, 

=  2 -0043/ -3010, 

=  6-6  .... 
It  appears,  therefore,  that  in  6  tosses  the  odds  are  less  than  100  to  1,  and  in 
7  tosses  more. 

Example  4.  A  man  tosses  10  pennies,  removes  all  that  fall  head  up ; 
tosses  the  remainder,  and  again  removes  all  that  fall  head  up ;  and  so  on. 
How  many  times  ought  he  to  he  allowed  to  repeat  this  operation  in  order 
that  there  may  he  an  even  chance  that  before  he  is  done  all  the  pennies  have 
been  removed  ? 

Let  X  be  the  number  of  times,  then  it  is  clearly  necessary  and  sufficient 
for  his  success  that  each  of  the  10  pennies  shall  have  turned  up  head  at  least 
once.  The  chance  that  each  penny  come  up  head  at  least  once  in  x  trials  is 
1  -  (1/2)*.  Hence  the  chance  that  each  of  the  10  has  turned  up  heads  at  least 
once  is  {1  -  (1/2)*}^®.  By  the  conditions  of  the  problem  we  must  therefore 
have 

{l-(l/2)'}io=l/2; 
(l/2)«=  1  -  (l/2)i/i«=  -06697  ; 
a;= -log -06697/ log 2, 
=3*9  very  nearly. 
Hence  he  must  have  4  trials  to  secure  an  even  chance. 

Example  5.  A  man  is  to  gain  a  shilling  on  the  following  conditions.  He 
draws  twice  (replacing  each  time)  out  of  an  urn  containing  one  white  and  one 
black  ball.  If  he  draws  white  twice  he  wins.  If  he  fails  a  black  ball  is  added, 
he  tries  twice  again,  and  wins  if  he  draws  white  twice.  If  he  fails  another 
black  ball  is  added  ;  and  so  on,  ad  infinilum.  What  is  his  chance  of  gaining 
the  shilling  I    (Laurent,  Calcul  des  ProbabiliUs  (1873),  p.  69.) 

The  chances  of  drawing  white  in  the  various  trials  are  1/2^  1/3^  .  .  . 
1/n',  .  .  .  The  chances  of  failing  in  the  various  trials  are  1-1/2*, 
1  - 1/3*,  .  .  .,  1  -  1/n*,  .  .  .  Hence  the  chance  of  failing  in  all  the  trials  is 
(1-1/2«)(1  - 1/3«) ...  (1  - 1/71*) ...  ad  00 . 

Now 


.i.04)('4)-('-.^) 


_     {1.3}  {2.4}...  {(n-3)(n-l)}  {(71-2)71}  {(n-l)(n  +  l)} 
.=•    ^  1*.  2*...7l*  ' 

_  J    n{n  +  l) 


-.iI'*lH 


The  chance  of  failiog  to  gain  the  shilling  is  therefore  1/2.     Hence  the  chance 
of  gaining  the  shilling  is  1/2. 

We  might  have  calculated  the  chance  of  gaining  the  shilling  directly,  by 
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observing  that  it  is  the  sum  of  the  chances  of  the  following  events :  1", 
gaining  in  the  first  trial ;  2%  failing  in  Ist  and  gaining  in  2nd  ;  8^  failing 
in  Ist  and  2nd  and  gaining  in  the  3rd ;  and  so  on.  In  this  way  the  chance 
presents  itself  as  the  following  infinite  series  : — 

J*0-|)l.....(-i)(-!,)...(.-i)5iy..... 

The  sum  of  this  series  to  infinity  must  therefore  be  1/2.  That  this  is  so  may 
be  easily  verified.  The  present  is  one  example  among  many  in  which  the 
theory  of  probability  suggests  interesting  algebraical  identities. 

Example  6.  A  and  B  cast  alternately  with  a  pair  of  ordinary  dice.  A 
wins  if  he  throws  6  before  B  throws  7,  and  B  if  he  throws  7  before  A  throws 
6.  If  A  begin,  show  that  his  chance  of  winning  :  B's=30  :  31.  (Huyghens, 
De'Ratiodniia  in  Ludo  Alem,  1657.) 

Let  p  and  q  be  the  chances  of  throwing  and  of  failing  to  throw  6  at  a 
single  cast  with  two  dice ;  r  and  s  the  corresponding  chances  for  7. 

A  may  win  in  the  following  ways  :  1°,  A  succeed  at  Ist  throw ;  2^  A  fail 
at  1st,  B  fail  at  2nd,  A  succeed  at  Srd  ;  and  so  on.  His  chance  is  therefore 
represented  by  the  following  infinite  series : — 

p  +  qsp-\-qsqsp+,  .  .  =p{l  +  (q8)  +  (qs)^+ .  .  .}, 
^p/H-qs), 

B  may  win  in  the  following  ways : — 1°,  A  fail  at  1st,  B  succeed  at  2nd  ; 
2%  A  fail  at  Ist,  B  fail  at  2nd,  A  faU  at  3rd,  B  succeed  at  4th ;  and  so  on. 
His  chance  is  therefore 

qr  +  qaqr  +  qsqsqr+,  .  ,=qr{l  +  (qs)  +  {qsf-\-,  .  .}, 
=qrl{l-q8). 
Hence  A*s  chance :  B*s=j? :  gr. 

Now  (see  §  4,  Example  1)^=5/86,  gr:  31/36,  r=6/36 ;  hence 
A*s  chance :  B's=5/36  : 6.31/36*,  ' 
=30:31. 

For  Huyghens'  own  solution  see  Todhunter,  ffisL  Prdb.^  p.  24. 

Example  7.  A  coin  is  tossed  m+Ti  times  (m>n).  Prove  that  the  chance 
of  at  least  m  consecutive  heads  appearing  is  {»+2)/2***+^. 

The  event  in  question  happens  if  there  appear — 1st,  exactly  m ;  2nd, 
exactly  m+1 ;  .  .  . ;  (n  +  l)th,  exactly  m+n  consecutive  heiMls. 

Now  a  run  of  exactly  m  consecutive  heads  may  commence  with  the  1st, 
2nd,  3rd,  7i-lth,  nth,  n  +  lth  throw.  Since  m>n.,  there  cannot  be  more 
than  one  run  of  in  or  more  consecutive  heads,  so  that  the  complication  due  to 
repetition  of  runs  does  not  occur  in  the  present  problem.  The  chances  of  the 
first  and  last  of  these  cases  are  each  l/2**+-i,  the  chances  of  the  others  1/2**+*. 
Hence  the  chance  of  a  run  of  exactly  m  consecutive  heads  is  2/2*"+^ 
+  (n- 1)/2«+»=  (n  +  3)/2»»+*. 

In  like  manner,  we  see  that  the  chance  of  a  run  of  m+1  consecutive 
heads  is  (n4-  2)/2'**^ ;  and  so  on,  up  to  w+7t  -  2.  Also  the  chances  of  a  run 
of  exactly  m+n- 1  and  of  exactly  m+w  consecutive  heads  are  l/2«-H*-i  and 
l/2»»+»»  respectively. 
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Hence  the  chance  jp  of  a  ran  of  at  least  m  heads  is  given  by 
__»+8    w+2  5  4  1 

-P— 2**+*     2"*+*        *  • +2'"+**    2*"+*+^     2™+**' 
The  summation  of  the  series  on  the  left-hand  side  is  effected  (see  chap. 
XX.,  §  18)  by  multiplying  by  (1  -  l/2)«=l/4.    We  thus  find 

1   _^+3      w+2  .      «^  .  .         4 

tP-g^H^"       2«+»         2'»+^        •  2»+*fl 

2(n+3)    2(w  +  2)                   2.5  2.4 

2m+3         2*"+^       '  '  '  2*''+"'*'^  2"»+*»+' 

,w  +  8,            .         6  5,4  J_  . 

"*"2»»-k'*"'  •  •  "^  2*»+*»+^  2*"+"+'     2^-Hi+* ^ 2****+*  ' 

_n+3    w+4         3  2  1 

•■^"2^+2     2"*+^    2'»+*+-*    2"^^+^     2»»+'»+2' 

_7t+2 

-2'n-HJ' 
Hence  jp=(»+2)/2«+^ 


GENERAL  THEOREMS  REGARDING  THE  PROBABILITY  OF 
COMPOUND   EVENTS. 

§  8.]  The  probability  thai  an  event,  whose  probability  is  p,  happen 
on  exactly  r  oiU  of  n  occasions  in  which  it  is  in  question  is  ff^rj^^"^} 
where  q=l  -p  is  the  probability  that  the  event  fail. 

The  probability  that  the  event  happen  on  r  specified  occasions 
and  fail  bn  the  remaining  w-r  is  by  the  multiplication  nile 
ppqpqq . . .  where  there  are  r  ^s  and  n-r  q\  that  is,  p^q^~^. 
Now  the  occasions  are  not  specified ;  in  other  words,  the  happen- 
ing, and  failing,  may  occur  in  any  order.  There  are  as  many 
ways  of  arranging  the  r  happenings  and  n-r  failings  as  there 
are  permutations  of  n  things  r of  which  are  alike  and  n-r  alike, 
that  is  to  say,  ti  I  /  r !  (n  -  r) !  =  ^Cy.  There  are  therefore  fS^r 
mutually  exclusive  ways  in  which  the  event  with  which  we  are 
concerned  may  happen ;  and  the  probability  of  each  of  these  is 
jfq^~^.    Hence,  by  the  addition  rule,  the  probability  in  question 

is  nCri>^2~-^ 

It  will  be  observed  that  the  probabilities  that  the  event 
happen  exactly  n,  w-  1,  .  .  .,  2,  1,  0  times  respectively,  are  the 
Ist,  2nd,  3rd, .  .  .,  {n+  l)th  terms  of  the  expansion  of  (p  +  q)^. 

Since,  if  we  make  n  trials,  the  event  must  happen  either  0, 
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or  1,  or  2, .  .  .,  or  n  times,  the  sum  of  all  these  probabilities 
ought  to  be  unity.    This  is  so ;  for,  since p  +  q=li  (p  +  q)^  =  I. 

It  will  be  seen  without  further  demonstration  that  the  pro- 
position just  established  is  merely  a  particular  case  of  the 
following  general  theorem  : — 

If  there  be  »%  events  A,  B,  C,  .  .  .  one  but  not  more  of  which 
must  haj^en  on  every  occasion,  and  if  their  probabilities  be  p,  q,  r, 
.  .  .  respedively^  the  probability  that  on  n  occasions  A  happen  exactly 
a  timeSy  B  exactly  p  tim^s,  C  exactly  y  times, .  .  .  is 

n\p''q^r'^.../alp\y\..., 
where  a  +  ^  +  y+.  .  .=71. 

It  should  be  observed  that  the  expression  just  written  is 
the  general  term  in  the  expansion  of  the  multinomial 
(p  +  q  +  r-^  ,  .  .  )**. 

Example  1.  The  faces  of  a  cubical  die  are  marked  1,  2,  2,  4,  4,  6 ; 
required  the  probability  that  in  8  throws  1,  2,  4  turn  up  exactly  3,  2,  8  times 
respectively. 

By  the  general  theorem  just  stated  the  probability  is 
8!      /l\Yl\Yiy^7.5.2 
3!2!3!V6/  V3/  \V         3^  "* 

—  n7  approximately. 

Example  2.  Out  of  n  occasions  in  which  an  event  of  probability  /?  is  in 
question,  on  what  number  of  occasions  is  it  most  likely  to  happen  ? 

We  have  here  to  determine  r  so  that  nPrj^gf^^  may  be  a  maximum. 

Now  nCrP''^-%Cr-i2f-^  ^'"^^  =  (n-r+ l)plrq. 

Hence  the  probability  will  increase  as  r  increases,  so  long  as 

{n-r+l)p>rq, 
that  is,  {n+l)p> r{p + q), 

that  is  r<(n+l)2?. 

If  {n+l)p  be  an  integer,  =s  say,  then  the  event  will  be  equally  likely  to. 
happen  on  ^  - 1  or  on  5  occasions,  and  more  likely  to  happen  5  - 1  or  5  times 
than  any  other  number  of  times. 

If  (71  +  l)j?  be  not  an  integer,  and  3  be  the  greatest  integer  in  (n  +  l)p,  then 
the  event  is  most  likely  to  happen  on  s  occasions.* 

*  When  n  is  very  large,  {n+l)p  differs  inappreciably  from  np.  Hence 
out  of  a  very  large  number  n  of  occasions  an  event  is  most  likely  to  happen 
on  pn  occasions.  This,  of  course,  is  simply  the  fundamental  principle  of  §  2, 
Cor.  1,  arrived  at  by  a  circuitous  route  starting  from  itself  in  the  first 
instance. 


Digitized  by 


Google 


XXXVI  pascal's  problem  555 

As  a  numerical  instance,  suppose  an  ordinary  die  is  thrown  20  times,  what 
is  the  number  of  aces  most  likely  to  appear  ? 

Here  7i=20;    p=llS;    {n  +  l)p=3i. 

The  most  likely  number  of  aces  is  therefore  3. 

§  9.]  Tlie  probabUity  that  an  event  happen  on  at  least  r  out  of  n 
occasions  where  it  is  in  question  is 

nGrP''q^-^  +  nGr+rP'-^'q'"''^  +  ^   ^  ^  ^  n^n^.f^'^q  +  f^   •   •  (1). 

For  an  event  happens  at  least  r  times  if  it  happen  either 
exactly  r  j  or  exactly  r  +  1 ;  .  .  . ;  or  exactly  n  times.  Hence 
the  probability  that  it  happens  at  least  r. times  is  the  sum  of 
the  probabilities  that  it  happens  exactly  r,  exactly  r+  1,  .  .  ., 
exactly  n  times;  and  this,  by  §  8,  gives  the  expression  (1). 

Another  expression  for  the  probability  just  found  may  be 
deduced  as  follows: — Suppose  we  watch  the  sequence  of  the 
happenings  and  failings  in  a  series  of  different  cases.  After  we 
have  observed  the  event  to  have  happened  just  r  times,  we  may 
withdraw  our  attention  and  proceed  to  consider  another  case ; 
and  so  on.  Looking  at  the  matter  in  this  way,  we  see  that  the 
r  happenings  may  be  just  made  up  on  the  rth,  or  on  the  r  +  1th, 
.  .  .,  or  on  the  wth  occasion. 

If  the  r  happenings  have  .been  made  up  in  just  s  occasions, 
then  the  event  must  have  happened  on  the  sth  occasion  and  on 
any  r  -  1  of  the  preceding  s  -  1  occasions.  The  probability  of 
this  contingency  is 

Hence  the  probability  that  the  event  happen  at  least  r  times  in 
n  trials  is 

=f{l  +  rG,q  +  r^M  +  .   .    .  +  n-,C„.,(?'»--}      (2). 

As  the  two  expressions  (1)  and  (2)  are  outwardly  very  different,  it  may  be 
well  to  show  that  they  are  really  identicaL    To  do  this,  we  have  to  proye  that 

=r-'{i..c.(|)..c(|)V....,c,.,(|)"-'}. 
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The  expression  last  written  is,  up  to  the  (n-  r)th  power  of  q,  identical  with 

NoW|  as  may  be  readily  verified, 

The  required  identity  is  therefore  established. 

Example.  A  and  B  play  a  game  which  must  be  either  lost  or  won ;  the 
probability  that  A  gains  any  game  is^,  that  B  gains  itl'-p=q;  what  is  the 
chance  that  A  gains  m  games  before  B  gains  n  ?    (Pascal's  Problem.)* 

The  issue  in  question  must  be  decided  in  m+n- 1  games  at  the  utmost. 
The  chance  required  is  in  fact  the  chance  that  A  gains  m  games  at  least  out 
of  m  +» - 1,  that  is,  by  (1)  above, 

;^"^-^+„^-iCip"-H-»^+.  .  . +,.^-.iC«i7«7«-i  (1'). 

We  might  adopt  the  second  way  of  looking  at  the  question  given  above, 
and  thus  arrive  at  the  expression 

l>"'{l+mC,g  +  .^iCaj»+.  .  .4-,„+»-2Cn-ig»->}  (n 

for  the  required  chance. 

§  1 0.]  The  results  just  arrived  at  may  be  considerably  general- 
ised. Let  us  consider  n  independent  events  A^,  A«,  .  .  .,  A„, 
whose  respective  probabilities  are |>i,^a,  .  .  .,  ^n- 

In  the  first  place,  in  contrast  to  §§  8,  9,  let  us  calculate  the 
chance  thai  one  at  least  of  the  n  events  happen. 

The  complementary  event  is  that  none  of  the  n  events  happen. 
The  probability  of  this  is  (1  -^,)  (1  -j?,) ...  (I  -pn)-  Hence  the 
probability  that  one  at  least  happen  is 

1  -(1  -Pi)  (1  -;>.)...  (1-i^n) 

=  2pi-2/>j;?.  +  5pi^,;?3-  .  .  .  ( -)'*-^i?,;?,. .  .;>«     (1). 

Next  let  us  find  the  probability  that  one  and  no  more  of  the  n 
events  happen. 

The  probability  that  any  particular  event,  say  A,,  and  none 
of  the  others  happen  is  p^{l  -pa)0-  "P^  ...  (1  -i?n)-  Hence 
the  required  probability  is 

=  2^,  -  ,C,2i?,i?,  +  aC«2;?,p^3  -...(-  Y-\Gn-,PiPa.^  .Pn  (2). 

*  Famous  in  the  history  of  mathematics.  It  was  first  solved  for  the 
particular  case  p=q  by  Pascal  (1654),  The  more  general  result  (1')  above 
was  given  by  John  Bernoulli  (1710).  The  other  formula  (2')  seems  to  be  due 
to  Montmort  (1714).     See  Todhunter,  HisL  Prob.,  p.  98. 
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For  the  products  two  and  two  arise  from  -  2pi(pg  +p^+  .  .  . 
+ pn),  and  each  pair  will  come  in  once  for  every  letter  in  it.  Again, 
the  products  three  and  three  arise  from  ^Piip^Pa  +PaP4  +  .  .  . ) ; 
hence  each  triad  will  come  in  once  for  every  pair  of  letters  that 
can  be  selected  from  it ;  and  so  on. 

By  precisely  similar  reasoning,  we  can  show  that  the  probahUUy 
iluii  r  and  no  more  of  the  n  events  happen  is  , 

^PiP2  .  .  .  Pr{l  -  Pr+i)  (1  -  Pr+»)  ...  (1  -Pn) 

=  ^PxPa  "  »Pr-  r+iCi^PiPa  .  •  •  Pr+i 


{-r-'nGn^rP^P.^ 


'Pr-^t 
Pn         (3). 


We  can  now  calculate  the  probability  that  r  at  least  out  of  then 
events  happen. 

To  do  so  we  have  merely  to  sum  all  the  values  of  (3)  obtained 
by  giving  r  the  values  r,  r  +  1,  r  +  2,  .  .  .,  n  successively. 

In  this  summation  the  coefficient  of  ^p^p^ . .  .Pr+«  is 

(-)'{r+A-r+A.,  +  ,+,C,..-.    •    .    (-)-^+A  +  (-l)*}. 

Now  the  expression  within  the  brackets  is  the  coefficient  of 
ic»  in  (1  +  «)'■+•  X  (1  +  xy\  that  is  to  say,  in  (1  +  a;)'"+'-i.  This 
coefficient  is  y+,_iC,.     Hence  the  coefficient  of  ^PiP^^ .  .Pr+«  is 

The  probability  that  r  at  least  out  of  the  n  events  happen  is 
therefore 

^PiP2  '"Pr-rCi  ^PxP,  .  .  .  Pr+i 
+  r+iGst^PiPa'  "Pr+t 

(  -  Yr+t-fit^PiPi  •  •  'Pr+M 

{-)'"\-iCn-rPiP2"'Pn  (4). 

Since  the  happening  of  the  same  event  on  n  different  occasions 
may  be  regarded  as  the  happening  of  n  different  events  whose 


Digitized  by 


Google 


558  THIRD  SOLUTION  OF- PASCAL'S  PROBLEM  OHAP. 

probabilities  are  all  equal,  the  fonnulse  (3)  and  (4)  above  ought, 
when  ^i=^g=  .  .  .  =pn  each  =^,  to  reduce  to  nPrP^^'^  and 
the  expression  (1)  or  (2)  of  §  9  respectively. 

If  the  reader  observe  that,  when  p^  =  p^=  .  .  .  =pn  =  P9 
^PiPf  '  'Pr  =  nPrP^i  &c.,  he  wiU  have  no  difficulty  in  showing 
that  (3)  is  actually  identical  with  nPrp^q^'^  in  the  particular 
case  in  question. 

The  particular  result  derived  froto  (4)  is  more  interesting. 
We  find  for  the  probability,  that  an  event  of  probability  p  will 
happen  r  times  at  least  out  of  n  occasions,  the  expression 

(-)'*-''n-iC,.,i>~      (6). 

Here  we  have  yet  another  expression  equivalent  to  (1)  and 
(2)  of  §  9.  It  is  not  very  difficult  to  transform  either  of  the  two 
expressions  of  §  9  into  the  one  now  found ;  the  details  may  be 
left  to  the  reader. 

Example.  The  probabilities  of  three  independent  events  are  Py  q,  r;  re- 
quired the  probability  of  happening— 

1st  Of  one  of  the  events  but  not  more  ; 
2nd.  Of  two  but  not  more  ; 
3rd.  Of  one  at  least ; 
4  th.  Of  two  at  least ; 
5th.  Of  one  at  most ; 
6th.  Oft^'oatmost 

The  results  are  as  follows : — 

Ist.  p'\-q-\'r-2{pq-\-pr-\-qr)-\-3pqr; 
2nd.  pq+pr  +  qr-Spqr; 
Srd.  p  +  q'\-r-{pq+pr  +  qr)-\-pqr; 
4th.  pq+pr  +  qr-2pqr; 
5th.  l-{pq+pr-\'qr)-{-2pqr; 
6th.  1-pqr, 
The  first  four  are  particular  cases  of  preceding  formul» ;  5  is  comple- 
mentary to  4  ;  and  6  is  complementary  to  **  of  all  three." 

§  11.]  The  Recurrence  or  Finite  Difference  Method  for  solving 
problems  in  the  theory  of  probability  possesses  great  historical  and 
practical  interest,  on  account  of  the  use  that  has  been  made  of 
it  in  the  solution  of  some  of  the  most  difficult  questions  in  the 
subject.     The   spirit   of  the   method  may  be   explained  thus. 
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Suppose,  for  simplicity,  that  the  required  probability  is  a  function 
of  one  variable  x;  and  let  us  denote  it  by  %.  Reasoning  from 
the  data  of  the  problem,  we  deduce  a  relation  connecting  the 
values  of  u^  for  a  number  of  successive  values  of  x ;  say  the 
relation 

^K+t,  Ux+u  u^)  =  0  (A). 

We  then  discuss  the  analytical  problem  of  finding  a  function 
Ug.  which  will  satisfy  the  equation  (A). 

It  is  not  by  any  means  necessary  to  solve  the  equation  (A) 
completely.  Since  we  know  that  our  problem  is  definite,  all 
that  we  require  is  a  form  for  Ug.  which  will  satisfy  (A)  and  at  the 
same  time  agree  with  the  conditions  of  the  problem  in  certain 
particular  cases.  The  following  examples  will  sufficiently  illus- 
trate the  method  from  an  elementary  point  of  view. 

Example  1.  A  and  B  play  a  game  in  whicb  the  probabilities  that  A  and  B 
win  are  a  and  /3  respectively,  and  the  probability  that  the  game  be  drawn  is  7. 
To  start  with,  A  has  m  and  B  has  n  counters.  Each  time  the  game  is  won 
the  winner  takes  a  counter  from  the  loser.  If  A  and  B  agree  to  play  until 
one  of  them  loses  all'  his  counters,  find  their  respective  chances  of  winning  in 
the  end.* 

Let  Ux  Aiid  Vx  denote  the  chances  that  A  and  B  win  in  the  end  when  each 
has  X  counters.  If  we  put  m+n=p,  the  respective  chances  at  any  stage  of 
the  game  are  u^  and  Vp^g, 

Consider  A's  chance  when  he  has  x+1  counters.  The  next  round  he  may, 
1st,  win ;  2nd,  lose ;  3rd,  draw  the  game.  The  chances  of  his  ultimately 
winning  on  these  hypotheses  are  aUg+2 ;  pux  ;  T^c+i  respectively.  Hence,  by 
the  addition  rule, 

t^i = ott^a + /Sw, + tUjh-i  . 

If  we  notice  that  a+/3+7=l  (for  the  game  must  be  either  won,  lost,  or 
drawn),  we  deduce  from  the  equation  just  written 

aUx+2  -  (o + p)tcx+i +pUx=0  (1 ). 

It  is  obvious  that  t^«= AX',  where  A  and  X  arc  constants,  will  be  a  solution 
of  (1),  provided 

aX»-(a+/3)X+/3=0  (2), 

that  is,  provided  X=l  or  X=/3/a.  Hence  t^=A  and  w,=B(/3/a)*  are  both 
solutions  of  (1) ;  and  it  is  further  obvious  that  t^,= A  +  B(/9/a)*  is  a  solution 
of(l). 

We  have  now  the  means  of  solving  our  problem,  for  it  is  clear  from  (1) 
that,  if  we  knew  two  particular  values  of  w«,  say  uo  and  Wi,  then  all  other 

*  First  proposed  by  Huyghens  in  a  particular  case ;  and  solved  by  James 
Bernoulli.     See  Todhunter,  Hist,  Proh.,  p.  61. 
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values  could  be  calculated  by  the  recurrence  formula  (1)  itself.  The  solution 
t<z=A  -f  6(/3/a)«,  containing  two  undetermined  constants  A  and  6,  is  therefore 
sufficiently  general  for  our  purpose.*  We  may  in  fact  determine  A  and  B 
most  simply  by  remarking  that  when  A  has  none  of  the  counters  his  chance 
is  0,  and  when  he  has  all  the  counters  his  chance  is  I.    We  thus  have 

A  +  B=0,     A  +  B(/3/a)i>=l, 
whence  A  =  aP/iaP  -  /3'),     B  =  -  a^HaP  -  ^p). 

We  therefore  have 

tt,=aP-«(a«-/S«)/(ai'-/3f); 
and,  in  like  manner, 

The  chances  at  the  beginning  of  the  game  are  given  by 
u^=a^(a^-p^)/{aP-pp), 
Un=p^{a^-p^)l{aP-'pP), 
Cor.  1.  I/a=p,  then  (see  chap,  xxv.,  §  12) 
u„,=mlp,    Un=nlp. 
The  odds  on  k  in  this  particular  ease  are  mton. 

It  might  be  supposed  that  when  the  skill  of  the  players  is  unequal  this 
could  be  compensated  by  a  disparity  of  counters.  There  is,  however,  a  limit, 
as  the  following  proposition  will  show : — 

Cor.  2.  The  utmost  disparity  of  cowrUers  cannot  reduce  the  odds  in  A*s 
favour  to  less  than  a  -  /S  to  /S. 

For,  if  we  give  A  1  counter,  and  B  n  counters,  the  odds  in  A's  favour  are 
o«(a-/3)//5(a"-/3"):l ;  that  is,  (a-ZSV/Sfl-C/S/a)-} :  1.  Now,  if  a>/3,  this 
can  be  diminished  by  increasing  n ;  but,  since  L  (fila)*=0,  it  cannot  become 

nsao 

le8sthan(a-/3)//3:l,  that  is,  a-/3:/3. 

Hence  we  see  that,  if  A  be  twice  as  skilful  as  B(a=2/3),  we  cannot  by  any 
disparity  of  counters  (so  long  as  we  give  him  any  at  all)  make  the  odds  in  his 
favour  less  than  even. 

Example  2.  A  pack  of  n  diiferent  cards  is  laid  face  downwards.  A  person 
names  a  card ;  and  that  card  and  all  above  it  are  removed  and  shown  to  hrm. 
He  then  names  another ;  and  so  on,  until  none  are  left  Required  the  chance 
that  during  the  operation  he  names  the  top  card  once  at  least  t 

Let  Un  be  the  chance  of  succeeding  when  there  are  n  cards ;  so  that  u^^i  is 
the  chance  of  succeeding  when  there  are  n  - 1 ;  and  so  on.  At  the  first  trial 
the  player  may  name  the  1st,  2nd,  3rd,  .  .  .,  or  the  nth  card,  the  chance 
of  each  of  these  events  being  l/n.  Now  his  chances  of  ultimately  succeeding 
in  the  n  cases  just  mentioned  are  1,  u^^i,  i^.^,  .  .  .,  t«i,  0  respectively. 
Hence 

w»=l/n+M|,_j/n +«»-»/«+  .  .  .  +Uiln+UjJn, 

We  have  therefore 

«Mn=l+Ui  +  M2+.   .   . +tt*_a  (1). 

*  This  piece  of  reasoning  may  be  replaced  by  the  considerations  of 
chap,  zxxi,  §  8. 

t  B^ffrint  of  Problems  from  the  Ed,  Times,  voL  xlii.,  p.  69. 
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From  (1)  we  deduce 

(»-l)ll„^l=l+Wi  +  «a+.    .    .  +Un-9  (2). 

From  (1)  and  (2) 


that  is, 
Honce 


n{Un  -  Un-l)  =  -  {Unr-l  -  ««-a)  .         (3). 

(n  -  1)  {Un^i  -  Un-v)  =  -  (Mn-a  -  «„-«), 


3(U3-M2)=~(W3-t*i). 

Hence,  multiplying  together  the  last  n-2  equations,  we  deduce 

Since  Ui=l,  th^it  this  gives 

i£„-ttn-i=(-l)"-V»l  (^). 

Hence,  again. 


t^-Wi=(-l)V2I, 
wi-0=l. 
From  the  last  n  equations  we  derive,  by  addition, 

i£h=1-1/2I  +  1/SI-  .  .  .  +(-l)«-V7iI  (5). 

Introducing  the  sub-factorial  notation  of  chap,  xxiii,  §  18,  we  may  write 
the  result  obtained  in  (5)  in  the  form  Un=l-niln\, 

From  Whitworth's  Table*  we  see  that  the  chance  when  n=8  is  '632119. 
When  n=ao  the  chance  is  1 -l/e= '632121 ;  so  that  the  chance  docs  not 
diminish  greatly  after  the  number  of  cards  reaches  8. 


EVALUATION   OF  PROBABILITIES  WHERE  FACTORULS  OF  LARGE 
NUMBERS  ARE   INVOLVED. 

§  12.]  In  many  cases,  as  has  been  seen,  the  calculation  of 
probabilities  depends  on  the  evaluation  of  factorial  functions. 
When  the  numbers  involved  are  large,  this  evaluation,  if  pursued 
directly,  would  lead  to  calculations  of  enormous  length,!  and  the 
greater  part  of  this  labour  would  be  utterly  wasted,  since  all 
that  is  required  is  usually  the  first  few  significant  figures  of  the 
probability.  The  difficulty  which  thus  arises  is  evaded  by  the 
use  of  Stirling's  Theorem  regarding  the  approximate  value  of  x ! 

*  Chmee  and  Chance,  chap.  iv. 

t  In  some  cases  the  process  of  chap,  xxxv.,  §  11,  Examples  2  and  3  is 
useful. 

VOL.  II  2  0 


Digitized  by 


Google 


562  EXERCISES  XXXIX  OHAP. 

when  X  is  large.      In  its  modem  form   this  theorem  may  be 
stated  thus — 

(see  chap,  xxx.,  §  1 7). 

From  this  it  appears  that^  if  a;  be  a  large  number,  x !  may 
be  replaced  by  \/(27rx)7fe'^,  the  error  thereby  committed  being 
of  the  order  l/12a:th  of  the  value  of  a;!. 

As  an  example  of  the  use  of  StirliDg's  Theorem,  let  us  consider  the  follow- 
ing prohlem : — A  pack  of  ^n  cards  consists  of  4  suits,  each  consisting  of  n 
cards.  The  pack  is  shuffled  and  dealt  out  to  four  players ;  required  the 
chance  that  the  whole  of  a  particular  suit  falls  to  one  particular  player.  The 
chance  in  question  is  easily  found  to  be  given  by 

;?  =  (8n)!w!/(4n)!. 
Hence,  by  Stirling's  Theorem,  we  have 

_  \/(2ir8n)  {^f^er^\/{2Tn)n*'er^ 

the  error  being  comparable  with  l/ll7ith  of  p.     Hence,  approximately, 
;7=\/(Sini/2)(27/256)«. 
Example.  Let  4n=52,  n=18,  then 

J7  =  \/(3  X  8-1416  X 18/2)  (27/266)i«. 
This  can  be  readily  evaluated  by  means  of  a  table  of  logarithms.     We 
find 

1?=156/10". 

The  event  in  question  is  therefore  not  one  that  would  occur  often  in  the 
experience  of  one  individual. 

Exercises  XXXIX. 

(1.)  A  starts  at  half -past  one  to  walk  up  Princes  Street;  wliat  is  the 
probability  that  he  meet  B,  who  may  have  started  to  walk  down  any  time 
between  one  and  two  o'clock  ?  Given  that  it  takes  A  12  minutes  to  walk  up, 
and  B  10  minutes  to  walk  down. 

(2. )  A  bag  contains  8  whitCi  4  red,  and  5  black  balltf.  Three  balls  are 
drawn ;  required  the  probability— 1st,  that  all  three  colours  ;  2nd,  that  only 
two  colours  ;  8rd,  that  only  one  colour,  may  be  represented. 

(3. )  A  bag  contains  m  white  and  n  black  balls.  One  is  drawn  and  then  a 
second ;  what  is  the  chance  of  drawing  at  least  one  white — 1st,  when  the  first 
ball  is  replaced ;  2nd,  when  it  is  not  replaced  ? 

(4. )  If  n  persons  meet  by  chance,  what  is  the  probability  that  they  all 
have  the  same  birthday,  supposing  every  fourth  year  to  be  a  leap  year ! 

(5. )  If  a  queen  and  a  knight  be  placed  at  random  on  a  chess-board,  what 
is  the  chance  that  one  of  the  two  may  be  able  to  take  the  other  ? 
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(6. )  Three  dice  are  thrown ;  show  that  the  cast  is  most  likely  to  be  10  or 
11,  the  probability  of  each  being  |. 

(7.)  There  are  three  bags,  the  first  of  which  contains  1,  2,  1  counters, 
marked  1,  2,  8  respectively ;  the  second  1,  4,  6,  4,  1,  marked  1,  2,  3,  4,  5  re- 
spectively ;  the  third  1,  6,  16,  20,  marked  1,  2,  8,  4  respectively.  A  counter 
is  drawn  from  each  bag ;  what  is  the  probability  of  drawing  6  exactly,  and  of 
drawing  some  number  not  exceeding  6  f 

(8.)  Six  men  are  bracketed  in  an  examination,  the  extreme  difference  of 
their  marks  being  6.     Find  the  chance  that  their  marks  are  all  different 

(9.)  From  2n  tickets  marked  0, 1,  2,  .  .  .,  (2n- 1),  2  are  drawn ;  find  the 
probability  that  the  sum  of  the  numbers  is  2n. 

(10.)  A  pack  of  4  suits  of  13  cards  each  is  dealt  to  4  players.  Find  the 
chance — 1st,  that  a  particular  player  has  no  card  of  a  named  suit ;  2nd,  that 
there  is  one  suit  of  which  he  has  no  card.  Show  that  the  odds  against  the 
dealer  having  all  the  18  trumps  is  158,758,889,899  to  1. 

(11.)  If  I  set  down  any  r-permutation  of  n  letters,  what  is  the  chance  that 
two  assigned  letters  be  adjacent  ? 

(12.)  There  are  8  tickets  in  a  bag,  marked  1,  2,  8.  A  ticket  is  drawn 
and  replaced  four  times  in  succession  ;  show  that  it  is  41  to  40  that  the  sum 
of  the  numbers  drawn  is  even. 

(18.)  What  is  the  most  likely  throw  with  n  dice,  when  n>  6  ? 

(14.)  Out  of  a  pack  of  n  cards  a  card  is  drawn  and  replaced.  The  opera- 
tion is  repeated  until  a  card  has  been  drawn  twice.  On  an  average  how  many 
drawings  will  there  be  I 

(15.)  Ten  different  numbers,  each  :^>  100,  are  selected  at  random  and  multi- 
plied together ;  find  the  chance  that  the  product  is  divisible  by  2,  8,  4,  5,  6, 
7,  8,  9,  10  respectively. 

(16.)  A  undertakes  to  throw  at  least  one  six  in  a  single  throw  with  six 
dice  ;  B  in  the  same  way  to  throw  at  least  two  sixes  with  twelve  dice ;  and  C 
to  throw  at  least  three  sixes  with  eighteen  dice.  Which  has  the  best  chance 
of  succeeding  ?  (Solved  by  Newton  ;  see  Pepys*  Diary  and  Correspondence, 
ed.  by  Mynors  Bright,  vol.  vi.,  p.  179.) 

(17.)  A  pitcher  is  to  be  taken  to  the  well  every  day  for  4  years.  If  the 
odds  be  1000  : 1  against  its  being  broken  on  any  particular  day,  show  that  the 
chance  of  its  ultimately  surviving  is  rather  less  than  }. 

(18. )  Five  men  toss  a  coin  in  order  till  one  wins  by  tossing  head ;  calculate 
their  respective  chances  of  winning. 

(19.)  A  and  B,  of  equal  skill,  agree  to  play  till  one  is  5  games  ahead. 
Calculate  their  respective  chances  of  winning  at  any  stage,  supposing  that 
the  game  cannot  be  drawn.     (Pascal  and  Fermat ) 

(20.)  What  are  the  odds  against  throwing  7  twice  at  least  in  8  throws 
with  2  dice  ? 

(21.)  Show  that  the  chance  of  throwing  doublets  with  2  dice,  1  of  which 
is  loaded  and  the  other  true,  is  the  same  as  if  both  were  true. 
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(22.)  A  and  B  throw  for  a  stake';  A*s  die  is  marked  10, 13,  16,  20,  21,  25, 
and  B's  5,  10,  15,  20,  25,  30.  The  highest  throw  is  to  win  and  equal  throws 
to  go  for  nothing  ;  show  that  A's  chance  of  winning  is  17/33. 

(23. )  A  pack  of  2n  cards,  n  red,  n  black,  is  divided  at  random  into  2  equal 
parts  and  a  card  is  drawn  from  each ;  find  the  chance  that  the  2  drawn  are 
of  the  same  colour,  and  compare  with  the  chance  of  drawing  2  of  the  same 
colour  from  the  undivided  pack. 

(24.)  im  cards,  numbered  in  4  sets  of  m,  are  distiibuted  into  m  stacks  of 
4  each,  face  up  ;  find  the  chance  that  in  no  stack  is  a  higher  one  of  any  set 
above  one  with  a  lower  number  in  the  same  set. 

(25.)  Out  of  m  men  in  a  ring  3  are  selected  at  random ;  show  that  the 
chance  that  no  2  of  them  are  neighbours  is 

(m  -  4)(m  -  5)/(m  -  l)(w  -  2). 

(26. )  If  m  things  be  given  to  a  men  and  b  women,  prove  that  the  chance 
that  the  number  received  by  the  group  of  men  is  odd  is 
{4(6  +  a)^-i(b-  a)«}  l(b  +  a)« 

(Math.  Trip.,  1881.) 

(27. )  A  and  B  each  take  12  counters  and  play  with  8  dice  on  this  condi- 
tion, that  if  11  is  thrown  A  gives  a  counter  to  B,  and  if  14  is  thrown  B  gives 
a  counter  to  A ;  and  he  wins  the  game  who  first  obtains  all  the  counters. 
Show  that  A's  chance  is  to  B's  as 

244,140,625  :  282,429,586,481. 

(Huyghens.     See  Todh.,  Hist  Prob.,  p.  25.) 

(28.)  A  and  B  play  with  2  dice ;  if  7  is  thrown  A  wins,  if  10  B  wins, 
if  any  other  number  the  game  is  drawn.  Show  that  A*8  chance  of  winning  is 
to  B's  as  13  :  11.     (Huyghens.     See  Todh.,  ffist,  Prob.,  p.  23.) 

(29.)  In  a  game  of  mingled  chance  and  skill,  which  cannot  be  drawn,  the 
odds  are  3  to  1  that  any  game  is  decided  by  skill  and  not  by  luck.  If  A 
beats  B  3  games  out  of  2,  show  that  the  odds  are  3  to  1  that  he  is  the  better 
player.  If  B  beats  C  2  games  out  of  3,  show  that  the  chance  of  A's  winning 
3  games  running  from  C  is  108/352. 

(30.)  There  are  m  posts  in  a  straight  line  at  equal  distances  of  a  yard 
apart.  A  man  starts  from  any  one  and  walks  to  auy  other ;  prove  that  the 
average  distance  which  he  will  travel  after  doing  this  at  random  a  great  many 
times  is  i(m  +  l)  yards.  _ 

(81. )  The  chance  of  throwing  /  named  faces  in  n  casts  with  a  ja>+T-faced 
die  is 

{(j'+i)"-{p-+-^-4r^p-i)"-.  •  -jiiP+iy. 

(Demoivre,  Doctrine  of  Chances.) 
(32.)  If  n  cards  be  thrown  into  a  bag  and  drawn  out  successively,  the 
chance  that  one  card  at  least  is  drawn  in  the  order  that  its  number  indicates 
is 

1-1/2I  +  1/3!-  .  .  .  (-1)"-V»!. 

(This  is  known  as  the  Treize  Problem,  It  was  oiiginally  solved  by  Mont- 
mort  and  Bernoulli.) 
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(33.)  A  and  B  play  a  game  in  which  their  respectiye  chances  of  winning 
are  a  and  /3.  They  start  with  a  given  number  of  counters  p  divided  between 
them  ;  each  gives  up  one  to  the  other  when  he  loses  ;  and  they  play  till  one 
is  ruined.  Show  that  inequality  of  counters  can  be  made  to  compensate  for 
inequality  of  skill,  provided  a//3  is  less  than  the  positive  root  of  the  equation  - 
xi>  -  2a;J*~^  + 1 =0.     If  p  be  large,  show  that,  to  a  second  approximation,  this 

rootis2-27=i-2"^r      • 


MATHEMATICAL  MEASURE  OF  THE  VALUE  OF  AN   EXPECTATION. 

§  13.]  If  a  man  were  asked  what  he  would  pay  for  the  privi- 
lege of  tossing  a  halfpenny  once  and  no  more,  with  the  under- 
standing that  he  is  to  receive  £50  if  the  coin  turn  up  head,  and 
nothing  if  it  turn  up  tail,  he  might  give  various  estimates,  accord- 
ing as  his  nature  were  more  or  less  sanguine,  of  what  is  some- 
times called  the  value  of  his  expectation  of  the  sum  of  £50. 

It  is  obvious,  however,  that  in  the  case  where  only  one  trial 
is  to  be  allowed  the  expectation  has  in  reality  no  definite  value 
whatever — the  player  may  get  £50  or  he  may  get  nothing; 
and  no  more  can  be  said. 

i/i  however,  the  player  he  allowed  to  repeat  the  game  a  large 
number  of  times  on  condition  of  paying  the  sams  sum  each  tims 
for  his  privilege,  then  it  will  be  seen  that  £25  is  an  equitable 
payment  to  request  from  the  player;  for  it  is  assumed 
that  the  game  is  to  be  so  conducted  that,  in  the  long  run,  the 
coin  will  turn  up  heads  and  tails  equally  often ;  that  is  to  say, 
that  in  a  very  large  nuniber  of  games  the  player  will  win  about 
as  often  as  he  loses.  With  the  above  understanding,  we  may 
speak  of  £25  as  the  value  of  the  player's  expectation  of  £50 ; 
and  it  will  be  observed  that  the  value  of  the  expectation  is  the 
sum  expected  multiplied  by  the  probability  of  getting  it. 

This  idea  of  the  value  of  an  expectation  may  be  more  fully 
illustrated  by  the  case  of  a  lottery.  Let  us  suppose  that  there 
are  prizes  of  the  value  of  £a,  £b,  £c,  .  .  .,  the  respective  prob- 
abilities of  obtaining  which  by  means  of  a  single  ticket  are 
Pj  q,  r,  .  .  ,  If  the  lottery  were  held  a  large  number  N  of 
times,  the  holder  of  a  single  ticket  would  get  £a  on  ^^N  occa- 
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sions,  £b  on  ^N  occasions,  £c  on  rN  occasions,  .  .  .  Hence  the 
holder  of  a  single  ticket  in  each  of  the  N  lotteries  would  get 
£(p^a  +  qNb  +  rNc  +  ...).  If,  therefore,  he  is  to  pay  the  same 
price  £t  for  his  ticket  each  time,  we  ought  to  have,  for  equity, 

mt^  pNa  +  qNb  +  rNc  +  ,  .  ., 
that  is, 

t=pa-\'qb  +  rc  +  .  .  .     . 

Hence  the  price  of  his  ticket  is  made  up  of  parts  correspond- 
ing to  the  various  prizes,  namely,  jfHi,  qb,  rc^  ,  ,  ,  These  parts 
are  called  the  values  of  the  expectations  of  the  respective  prizes ;  and 
we  have  the  rule  that  the  value  of  the  expectation  of  a  sum  of  money 
is  that  sum  muttiplied  by  the  chance  of  getting  it 

The  student  must,  however,  remember  the  understanding 
upon  which  this  definition  has  been  based.  It  would  have  no 
meaning  if  the  lottery  were  to  be  held  once  for  all. 

Example.  A  player  throws  a  six-faced  die,  and  is  to  receive  208.  if  he 
throws  ace  the  first  throw  ;  half  that  sum  if  he  throws  ace  the  second  throw  ; 
quarter  that  sum  if  he  throws  ace  the  third  throw  ;  and  so  on.  Bequired  the 
value  of  his  expectation. 

The  player  may  get  20,  20/2,  20/2>,  20/2»,  .  .  .  shillings.  His  chances  of 
getting  these  sums  are  1/6,  5/6',  576',  676*,  .  .  .  Hence  the  respective 
values  of  the  corresponding  parts  of  his  expectation  are  20/6,  20. 6/6*. 2, 
20.576».2*.  20.5»/6*.2»,  .  .  .  shillings.  The  whole  value  of  his  expectation 
is  therefore 

¥{>4*©*'©'- ■  ■  ■^-}-?/0-fi)4"-"»«^ 

that  is,  58.  8id. 

§  1 4.]  It  is  important  to  notice  that  the  rule  which  directs  us 
to  add  the  component  parts  of  an  expectation  applies  whether 
the  separate  contingencies  be  mutually  exclusive  or  not.  Thus^ 
if  Pij  Pa,  jpa,  .  .  .  be  the  whole  probabilities  of  obtaining  the 
separate  sums  a^,  a,,  as,  .  .  .,  then  the  value  of  the  expectation  is 
Pi<^i  +P9(^s  +P»<hi  + .  .  .,  even  if  the  expectant  jnay  get  more  than  one 
of  the  sums  in  question.  Observe,  however,  that  pi  must  be  the 
whole  probability  of  getting  a^,  that  is,  the  probability  of  getting 
the  sum  a^  irrespective  of  getting  or  failing  to  get  the  other 
sums. 

If  the  expectant  may  get  any  number  of  the  sums  a^,  a,, 
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.  .  .,  a^,  we  might  calculate  his  expectation  by  dividing  it  into 
the  following  mutually  exclusive  contingencies : — a,,  a,,  .  .  .,  fl»; 
tti  +  Os,  »!  +  a,,  &C. ;  0,  +  a,  +  Oj,,  &c. ;  .  .  . ;  a,  +  a,  + .  .  .  +  a„. 
Hence  the  value  of  his  expectation  is 

2«ii^ia-jp.)(i-jp.)-..aTi'«) 

+  2{a,  +  a.);?j?,(l  -p^) ...  (1  -jp») 


+  (a»  +  a,  +  .  .  .  +  an)PiP2Ps'^'Pn' 
By  the  general   principle   above   enunciated   the  value  in 
question  is  also  2)a,^|.     The  comparison  of  the  values  gives  a 
curious  algebraic  identity,  which  the  student  may  verify  either 
in  general  or  in  particular  cases. 

Example.  A  man  may  get  one  or  otber  or  both  of  the  snms  a  and  b. 
The  chance  of  getting  a  isp,  and  of  getting  h\aq.  Required  the  value  of  his 
expectation. 

He  may  get  a  alone,  or  b  alone,  or  a  +  6 ;  and  the  respective  chances  are 
iKl  -  ?)>  ^i  "P)*  M'  Hence  the  value  of  his  expectation  is  ap(l  -  g)  +  bq(l  -p) 
+  {a+b)pqf  which  reduces  to  ap+bq,  as  it  ought  to  do  by  the  general 
principle. 

N,B, — If  the  man  were  to  get  one  or  other,  but  not  both  of  the  sums  a 
and  b,  and  his  respective  chances  were  p  and  q,  the  value  of  his  expectation 
would  still  heap+bq;  but  p  and  q  would  no  longer  have  the  same  meanings 
as  in  last  case. 

LIFE  CONTINGENCIES. 

§  15.]  The  best  example  of  the  mathematical  theory  of  the 
value  of  expectations  is  to  be  found  in  the  valuation  of  benefits 
which  are  contingent  upon  the  duration  or  termination  of  one  or 
more  human  lives.  The  data  required  for  such  calculations  are 
mainly  of  two  kinds — 1st,  knowledge,  or  forecast  as  accurate  as 
may  be,  of  the  interest  likely  to  be  yielded  by  investment  of 
capital  on  good  and  easily  convertible  security ;  2nd,  statistics 
regarding  the  average  duration  of  human  life,  usually  embodied 
in  what  are  called  Mortality  Tables. 

The  table  printed  below  illustrates  the  arrangement  of 
mortality  statistics  most  commonly  used  in  the  calculation  of 
life  contingencies : — 
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OHAP. 


Th 

s  27*  Table  of  the  InstUuU  of  Actuaries, 

Age. 

Number 

Deci-e- 

Age. 

Number 

Decre- 

Age. 

Number 

Decre- 

Living. 

ment. 

Living. 

ment 

Living. 

ment. 

X 

/. 

d. 

X 

h 

rf* 

X 

h 

d. 

10 

100,000 

490 

40 

82,284 

848 

70 

88,124 

2371 

11 

99,510 

397 

41 

81,436 

854 

71 

35,753 

2438 

12 

99,113 

329 

42 

80,582 

865 

72 

33,320 

2497 

13 

98,784 

288 

43 

79,717 

887 

73 

30,828 

2554 

14 

98,496 

272 

44 

78,830 

911 

74 

28,269 

2678 

15 

98,224 

282 

45 

77,919 

950 

75 

25,691 

2627 

16 

97,942 

318 

46 

76,969 

996 

76 

23,164 

2464 

17 

97,624 

379 

47 

75,973 

1041 

77 

20,700 

2374 

18 

97,245 

466 

48 

74,932 

1082 

78 

18,326 

2258 

19 

96,779 

556 

49 

73,850 

1124 

79 

16,068 

2188 

20 

96,223 

609 

50 

72,726 

1160 

80  13,930 

2016 

21 

95,614 

643 

51 

71,566 

1193 

81 

11,915 

1883 

22 

94,971 

650 

52 

70,373 

1235 

82 

10,03^ 

1719 

23 

94,321 

638 

53 

69,138 

1286 

83 

8,318 

1645 

24 

93,683 

622 

54 

67,852 

1339 

84 

6,768 

1846 

25 

93,061 

617 

55 

66,513 

1399 

85 

6,422 

1138 

26 

92,444 

618 

66 

65,114 

1462 

86 

4,284 

941 

27 

91,826 

634 

57 

63,652 

1527 

87 

8,343 

773 

28 

91,192 

654 

58 

62,125 

1592 

88 

2,670 

616 

29 

90,538 

•  673 

59 

60,533 

1667 

89 

1,956 

496 

30 

89,865 

694 

60 

58,866 

1747 

90 

1,460 

408 

31 

89,171 

706 

61 

57,119 

1830 

91 

1,052 

329 

82 

88,465 

717 

62 

55,289 

1915 

92 

723 

264 

33 

87,748 

727 

63 

53,374 

2001 

93 

469 

196 

34 

87,021 

740 

64 

51,873 

2076 

94 

274 

139 

35 

86,281 

757 

65 

49,297 

2141 

95 

135 

86 

36 

85,524 

779 

66 

47,156 

2196 

96 

49 

40 

37 

84,745 

802 

67 

44,960 

2243 

97 

9 

9 

38 

83,943 

821 

68 

42,717 

2274 

98 

0 

39 

83,122 

838 

69 

40,443 

2319 

In  the  first  column  are  entered  the  ages  10,  11,  12,  .  .  . 
Opposite  10  is  entered  an  arbitrary  number  100,000  of  children 
that  reach  their  tenth  birthday ;  opposite  1 1  the  number  of  these 
that  reach  their  eleventh  birthday ;  opposite  1 2  the  number  that 
reach  their  twelfth  birthday ;  and  so  on.     We  shall  denote  these 


numbers  by  Zio>  ^n>  ^u 


In  a  third  column  are  entered  the 


differences,  or  "decrements,"  of  the  numbers  in  the  second  column; 
these  we  shall  denote  by  rf,o,  ^^n,  ^^w,  •  •  •  It  is  obvious  that 
dx  gives  the  number  out  of  the  100,000  that  die  between 
their  a;th  and  a;  +  1th  birthdays.  It  is  impossible  here  to  discuss 
the  methods  employed  in  constructing  a  table  of  mortality,  or 
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to  indicate  the  limits  of .  its  use ;  we  merely  remark  that  in 
applying  it  in  any  calculation  the  assumption  made  is  that  the 
lives  dealt  with  will  fall  according  to  the  law  indicated  by  the 
numbers  in  the  table.  This  law,  which  we  may  call  the  Law  of 
Mortality,  is  of  course  only  imperfectly  indicated  by  the  table 
itself ;  for  although  we  are  told  that  d^  die  between  the  ages  of 
X  and  2  +  1,  we  are  not  told  how  these  deaths  are  distributed 
throughout  the  intervening  year.  For  rough  purposes  it  is 
sufficient  to  assume  that  the  distribution  of  deaths  throughout 
each  year  is  uniform ;  although  the  variation  of  the  decrements 
from  one  part  of  the  table  to  another  shows  that  uniform 
decrease  *  is  by  no  means  the  general  law  of  mortality. 

§  16.]  By  means  of  a  Mortality  Table  a  great  many  interesting 
problems  regarding  the  duration  of  life  may  be  solved  which  do 
not  involve  the  consideration  of  money.  The  following  are 
examples. 

Example  1.  By  the  probable  duration  n  of  the  life  of  a  man  of  m  years  of 
age  is  meant  the  number  of  years  which  he  has  an  even  chance  of  adding  to 
his  life.     To  find  this  number. 

By  hypothesis  we  have  lrn^lm=V^'  Hence  lm^=lml*2,  2^/2  will  in 
general  lie  between  two  numbers  in  the  table,  say  Ip  and  Ip+i,  Hence  m+n 
must  lie  between  p  andrp  + 1.  We  can  get  a  closer  approximation  by  the  rule 
of  proportional  parts  (see  chap,  xxi.,  §  13). 

Example  2.  To  find  the  " mean  duration "  or  **  expectancy  of  life"  for  a 
man  of  m  years  of  age. 

By  this  is  meant  the  average  N  (arithmetical  mean)  of  the  number  of 
additional  years  of  life  enjoyed  by  all  men  of  m  years  of  age. 

Let  us  take  as  specimen  lives  the  Un  men  of  the  table  who  pass  their  mth 
birthday  ;  suppose  them  all  living  at  a  particular  epoch  ;  and  trace  their  lives 
till  they  all  die. 

In  the  first  year  ^m-  Wi  ^ic*  If  ^'^  suppose  these  deaths  to  be  equally 
distributed  through  the  year,  as  many  of  the  /„,  -  /,»+i  will  live  any  assigned 
amount  oyer  half  a  year  as  will  live  by  the  same  amount  under  half  a  year. 
Hence  the  /«  -  l^+i  lives  that  have  failed  will  contribute  4(?m  -  Wi)  years  to 
the  united  life  of  the  ^  specimen  lives.  Again,  each  of  the  Zm+i  who  live 
through  the  year  will  contribute  one  year  to  the  united  life.  Hence  the 
whole  contribution  to  the  united  life  during  the  first  year  is  ^(^  -  Im+i)  +  Wi 
=4(^m  +  Wi)'  Similarly,  the  contribution  during  the  second  year  is 
i{lm+\  +  Wa) ;  and  so  on.     Hence  the  united  life  is 

*  Demoivre's  hypothesis. 
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CHAP. 


the  series  contmoing  so  long  as  the  numbers  in  the  table  have  any  significant 
value. 

If  we  now  divide  the  united  life  by  the  number  of  original  lives,  we  find 
for  the  mean  duration 

N=i+(Wi  +  ^»4i,+  .  .  .)ll^  (2). 

Owing  to  our  assumption  regarding  the  uniform  distribution  of  deaths  over 
the  intervals  between  the  tabulai*  epochs,  this  expression  is  of  course  merely 
an  approximation. 

Example  8.  A  and  B,  whose  ages  are  a  and  h  respectively,  are  both  living 
at  a  particular  epoch  ;  find  the  chance  that  A  survive  6. 

The  compound  event  whose  chance^  is  required  may  be  divided  into 
mutually  exclusive  contingencies  as  follows  :— 

1st.  B  may  die  in  the  first  year,  and  A  survive  ; 
2nd.  „  second  „  ; 

and  so  on. 

The  1st  contingency  may  be  again  divided  into  two  : — 

(a)  A  and  B  may  both  die  within  the  year,  B  dying  first ; 
(/3)  B  may  die  within  the  year,  and  A  live  beyond  the  year. 

The  chance  that  A  and  B  both  die  within  the  first  year  is  [la  -  ^o+i) 
{l-j  -  lb+i)/lah-  Since  the  deaths  are  equally  distributed  through  the  year,  if 
A  and  6  both  die  during  the  year,  one  is  as  likely  to  survive  as  the  other  ; 
hence  the  chance  of  A  surviving  B  on  the  present  hypothesis  is  }.  The  chance 
of  the  contingency  (a)  is  therefore  (la-la+i)(h-ltt^i)I^Uh'  The  chance  of 
03)  is  obviously  la+i{h  -  ^h-i)/^«  ^ft- 

Hence  the  whole  chance  of  the  Ist  contingency,  being  the  sum  of  the 
chances  of  (a)  and  (i3),  is  (/«+ Wi)(^6-^w-i)/2^«?ft. 

In  like  manner,  we  can  show  that  the  chance  of  the  2nd  contingency  is 

Hence  the  whole  chance  that  A  survive  B  is  given  by 

Sa.5={(^a  +  Wl)(?6-^H-l)  +  (Wl  +  ^a+8)(Wl-Wa)+.   •    •  } l^lJi      (1). 

The  reader  will  have  no  difficulty  in  seeing  that  (1)  may  be  written  in  the 
following  form,  which  is  more  convenient  for  arithmetical  computation  : — 

S..5=i+  {  '"s1+,(Zm^_i-  Zhh-i)  -  lalw}ftUh  (2), 

r=l 

where  oo  stands  for  the  greatest  age  in  the  table  for  which  a  significant  value 
of  Ig  is  given. 

If  we  denote  by  S»,a  the  chance  that  B  survive  A,  we  have,  of  course, 

S6,a=l  "■So.ft. 

If  a =6,  it  will  be  found  that  (2)  gives  S«.6=l/2  ;  as  it  ought  to  do. 
§  17.]  Let  us  now  consider  the  following  money  problem  in 
life  contingencies : — WTiat  should  an  Insurance  Office  ask  for  under- 
taking  to  ^y  an  annuity  of  £1  to  a  man  of  m  years  of  age,  the  first 
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payment  to  be  made  w  +  1  years  hence*  the  second  n  +  2  years  hence ; 
and  so  on^  for  t  years,  if  the  anntdtant  live  so  long. 

We  suppose  that  the  office  makes  no  charges  for  the  use  of 
the  shareholders'  capital,  for  management,  and  for  ^'  margin  "  to 
cover  the  uncertainty  of  the  data  of  even  the  best  tables  of 
mortality.  Allowances  on  this  head  are  not  matters  of  pure 
calculation,  and  differ  in  different  offices,  as  is  well  known.  We 
suppose  also  that  the  rate  of  interest  on  the  invested  funds  of 
the  office  is  £i  per  £1,  so  that  the  present  value,  t^,  of  £1  due  one 
year  hence  is  £1/(1  +  0-  The  solution  of  the  problem  is  then  a 
mere  matter  of  average  accoimting. 

^^  nit^hn  denote  the  present  value  of  the  annuity ;  and  let 
us  suppose  that  the  office  sells  an  annuity  of  the  kind  in 
question  t  to  every  one  of  l^  men  of  m  years  of  age  supposed  to 
be  all  living  at  the  present  date. 

The  office  receives  at  once  » j  t  (htJm  pounds.  On  the  other  hand, 
it  will  be  called  upon  to  pay 

w+ 1,  n+2,     .  .  .,        n+t 

years  hence  respectively.  Eeducing  all  these  sums  to  present 
value,  and  balancing  outgoings  and  incomings  on  account  of  the 
Im  lives,  we  have,  by  chap,  xxii.,  §  3, 

Hence 

=  yi'lm+n+r^llm  (1). 

r=l 

The  same  result  might  be  arrived  at  by  using  the  theory  of 
expectation. 

*  This  is  what  is  meant  by  saying  that  the  annuity  begins  to  ran  n  years 
hence. 

t  The  annuity  need  not  necessarily  be  sold  to  the  person  ("  nominee  '*) 
on  whose  life  it  is  to  depend.  The  life  of  the  nominee  merely  concerns  the 
definition  of  the  **  status  "  of  the  annuity,  that  is,  the  conditions  under  which 
it  is  to  last. 
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The  annuity  whose  value  we  have  just  calculated  would  be 
technically  described  as  a  defefired  temporary  annuity. 

If  the  annuity  be  an  immediate  temporary  annuity,  that  is,  if 
it  commence  to  run  at  once,  and  continue  for  t  years  provided 
the  nominee  live  so  long,  we  must  put  n  =  0.  Then,  using  the 
actuarial  notation,  we  have 

\tO'm=    2   Irn+r'f^llm  (2). 

r=sl 

If  the  annuity  be  complete,  that  is,  if  it  is  to  run  during  the 
whole  life  of  the  nominee,  the  summation  must  be  continued  as 
long  as  the  terms  of  the  series  have  any  significant  value;  this  we 
may  indicate  by  putting  t=  oo.  Then,  according  as  the  annuity 
is  or  is  not  deferred,  we  have 

r^iam^lf^i:  Im+n+r^/lm  (3). 

r=l 

a„='i\+,i^//„  (4). 

§  18.]  The  function  a,^,  which  gives  the  value  of  an  im- 
mediate complete  annuity  on  a  life  of  m  years,  is  of  fundamental 
importance  in  the  calculation  of  contingencies  which  depend  on 
a  single  life.  Its  values  have  been  deduced  from  various  tables 
of  mortality,  and  tabulated.  By  means  of  such  tables  we  can 
readily  solve  a  variety  of  problems.  Thus,  for  example,  n\<hny 
\t(hnt  nu^m  cau  all  be  found  from  the  annuity  tables ;  for  we 
have 

n|<*m  =  ^  ^m+tt  O^m+n/^m  (5)  ; 

|«fl^m  =  ^m  -  ^  W«  <^m+tllm  (6)  ; 

n\t^m=  (V'^'m+n <^m+n  "  '^'^^^m+n-ht (hn+n+t)/lm      (7)  ; 

as  the  reader  may  easily  verify  by  means  of  formulae  (1)  to  (4). 

These  results  may  abo  be  readily  established  a  priori  by 
means  of  the  theory  of  expectation. 

§  19.]  Let  us  next  find  ajt,t»  ^^  present  value  of  an  immediate 
complete  annuity  of  £\  on  the  joint  lives  of  two  nominees  of  k  and 
m  years  of  age  respectively. 

The  understanding  here  is  that  the  annuity  is  to  be  paid  so 
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long  as  both  nominees  are  living  and  to  cease  when  either  of 
them  dies. 

The  present  values  of  the  expectations  of  the  1st,  2nd,  3rd, 
.  .  .  instalments  are 

Hence  we  have 

r=co 
r=l 

Just  as  in  §  18,  we  obviously  have 

-  «^'*'*«lr+n+e,m+n+e  h+n+t  ^m+n-{-t)/h^m'f 

and  it  will  now  be  obvious  that  all  these  formulae  can  be  easily 
extended  to  the  case  of  an  annuity  oii  the  joint  lives  of  any 
number  of  nominees. 

Tables  for  ajg^m  have  been  calculated;  and,  by  combining 
them  with  tables  for  a^,  a  large  number  of  problems  can  be  solved. 

Example  1.  To  find  the  present  value  of  an  immediate  annuity  on  the  last 
survivor  of  two  lives  m  and  w,  usually  denoted  by  osTli' 

Let  pr,  qrhe  the  probabilities  that  the  nominees  are  living  r  years  after 
the  present  date  ;  then  the  probability  that  one  at  least  is  living  r  years  here- 
after is  p,  +  g^ -;?^gr^. 

Hence 

ai;r^  =  SV'(  Pr  +  qr  -Prqr), 
1 

=  'SAfpr  +  'S.rfqr  -  'Ltfprqn 

This  is  also  obvious  from  the  consideration  that,  if  we  paid  an  annuity  on 
each  of  the  lives,  we  should  pay  £1  too  much  for  every  year  that  both  lives 
were  in  existence. 

Example  2.  Find  the  present  value  ait,m,n  of  an  annuity  to  be  paid  so 
long  as  any  one  of  three  nominees  shall  be  alive,  the  respective  ages  being 
kf  m,  n, 

^f  P»i  qtt  r,  be  the  chances  that  the  respective  nominees  be  alive  after  * 
years,  then 

«F75r7i;  =  2i;'{l  -  (1 -i?.) (1 -^.)  (1 -r.)}, 

=  2tJ«(p,  +  g',  +  r,  -  q^r,  -  r,p,  -p^, +p^,r,\ 

ine  numerical  solution  of  this  problem  would  require  a  table  of  annuities 
on  three  joint  lives,  or  some  other  means  of  calailating  ak,m,n' 
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§  20.]  A  contract  of  life  insurance  is  of  the  following 
nature : — A  man  A  agrees  to  make  certain  payments  to  an 
insurance  office,  on  condition  that  the  office  pay  at  some  stated 
time  after  his  death  a  certain  sum  to  his  heirs.  As  regards  A, 
he  enters  into  the  contract  knowing  that  he  may  pay  less  or 
more  than  the  value  of  what  his  heirs  ultimately  receive  accord- 
ing as  he  lives  less  or  more  than  the  average  of  human  life  j  his 
advantage  is  that  he  makes  the  provision  for  his  heirs  a  certainty, 
so  far  as  his  life  is  concerned,  instead  of  a  contingency.  As 
regards  the  office,  it  is  their  business  to  see  that  the  charge  made 
for  A's  insurance  is  such  that  they  shall  not  ultimately  lose  if 
they  enter  into  a  large  number  of  contracts  of  the  kind  made 
with  A ;  but^  on  the  contrary,  earn  a  certain  percentage  to  cover 
expenses  of  management^  interest  on  shareholders'  capital,  &c. 

The  usual  form  of  problem  is  as  follows  : — 

What  annual  premium  P^  must  a  man  of  m  years  of  age  pay  {in 
advance)  during  all  the  years  of  his  life,  on  condition  that  the  office 
shall  pay  the  sum  of  £1  to  his  heirs  at  the  end  of  the  year  in  which 
he  dies? 

P^  is  to  be  the  "net  premium,"  that  is,  we  suppose  no 
allowance  made  for  profit,  &c.,  to  the  office.  Suppose  that  the 
office  insures  /^  lives  of  m  years,  and  let  us  trace  the  incomings 
and  outgoings  on  account  of  these  lives  alone.  The  office 
receives  in  premiums  £Pm^ni>  £^m^m+u  ...  at  the  beginning 
of  the  1st,  2nd,  .  .  .  years  respectively.  It  pays  out  on  lives 
failed  £(/m- Wi)>  ^(Wi-^wi+sX  ...  at  the  end  of  the  1st, 
2nd,  .  .  .  years  respectively.  Hence,  to  balance  the  account, 
we  must  have,  when  all  these  sums  are  reduced  to  present 
value, 

=  (^m-Wi)v  +  (Wi-W.y  +  (W.-W3)^  +  .    .    .       (1), 

the  summation  to  be  continued  as  long  as  the  table  gives  signi- 
ficant values  of  Ix- 


Since  dm  =  lm-  Im+n  we  deduce  from  (1) 

*"  lm  +  ^m-\-iV  +  lm+y-^  •    • 
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Dividing  by  1^,  we  deduce  from  (1) 

Pm{l  +  Qm+iV  +  lm+,ff  +  Im+sV''  +  •    .   .)/U 

=  V  +  v{l„y+,V  +  lm+,lf  +  .    .    ,)llm 

Hence 

^m  =  v-a^/{l+am)  (3). 

The  last  equation  shows  that  the  premium  for  a  given  life 
can  be  deduced  from  the  present  value  of  an  immediate  com- 
plete annuity  on  the  same  life.  In  other  words,  life  insurance 
premiums  can  be  calculated  by  means  of  a  table  of  life  annuities. 

§  21.]  It  is  not  necessary  to  enter  further  here  into  the 
details  of  actuarial  calculations;  but  the  mathematical  student 
will  find  it  useful  to  take  a  glance  at  two  methods  which  are  in 
use  for  calulating  annuities  and  life  insurances.  They  are  good 
specimens  of  methods  for  dealing  with  a  mass  of  statistical 
information. 

Recurrence  Method  for  CalcukUing  Life  ArhnuUies. 
The  reader  will  have  no  difficulty  in  showing,  by  means  of 
the  formulae  of  §  17,  that 

«m  =  <1  +  Om+i)  WiAm  (1). 

From  this  it  follows  that  we  can  calculate  the  present  value 
of  an  annuity  on  a  life  of  m  years  from  the  present  value  on  a  life 
of  m  +  1  years.  We  might  therefore  begin  at  the  bottom  of  the 
table  of  mortality,  calculate  backwards  step  by  step,  and  thus 
gradually  construct  a  life  annuity  table,  without  using  the  com- 
plicated formula  (4)  of  §  17  for  each  step. 

A  similar  process  could  be  employed  to  calculate  a  table  for 
two  joint  lives  differing  by  a  given  amount. 

Columnar  or  Commutation  Method. 
Let  us  construct  a  table  as  follows : — 
In  the  1st  column  tabulate  1^^ ; 
„       2nd  „  4; 

3rd  „  t^/a;  =  I>a:,  say; 

„       4th  „  t^+Mfl.  =  Caj,  say. 
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Next  form  the  5th  column  by  adding  the  numbers  in  the 
3rd  column  from  the  bottom  upwards.  In  other  words,  tabulate 
in  the  5th  column  the  values  of 

Na;  =  D^+,  +  D^+,  +  D^+3+  .... 

In  like  manner,  in  the  6  th  column  tabulate 

M,  =  C^  +  Ca,+i  +  Ca,+a+   .... 

All  this  can  be  done  systematically,  the  main  part  of  the 
labour  being  the  multiplications  in  calculating  D^,.  and  C^ 

From  a  table  of  this  kind  we  can  calculate  annuities  and 
life  premiums  with  great  ease.  Referring  to  the  formulae  above, 
the  reader  will  see  that  we  have 

a^  =  N^/D,„  (2): 

n|«m  =  N^+n/^m  (3); 

uam  =  (N„,-N^+0/A»  (4); 

n|««tn  =  (Nm+n-N^+n+t)/I>m  (5); 

P^  =  M^/N^.,  (6). 

§  22.]  In  the  foregoing  chapter  the  object  has  been  to 
illustrate  as  many  as  possible  of  the  elementary  mathematical 
methods  that  have  been  used  in  the  Calculus  of  Probabilities ; 
and  at  the  same  time  to  indicate  practical  applications  of  the  theory. 

All  matter  of  debatable  character  or  of  doubtful  utility  has 
been  excluded.  Under  this  head  fall,  in  our  opinion,  the 
theory  of  a  priori  or  inverse  probability,  and  the  applications  to 
the  theory  of  evidence.  The  very  meaning  of  some  of  the  pro- 
positions usually  stated  in  parts  of  these  theories  seems  to  us 
to  be  doubtful.  Notwithstanding  the  weighty  support  of  La 
Place,  Poisson,  De  Morgan,  and  others,  we  think  that  many  of 
the  criticisms  of  Mr.  Venn  on  this  part  of  the  doctrine  of  chances 
are  unanswerable.  The  mildest  judgment  we  could  pronounce 
would  be  the  following  words  of  De  Morgan  himself,  who  seems, 
after  all,  to  have  "doubted": — "My  own  impression,  derived 
from  this  [a  point  in  the  theory  of  errors]  and  many  other  cir- 
cumstances connected  with  the  analysis  of  probabilities,  is,  that 
mathematical  results  have  outrun  their  interpretation."* 

*  *' An  Essay  on  Probabilities  and  on  their  Application  to  Life  Contin- 
gencies and  Insurance  Offices"  (De  Morgan),  Cahijiet  Cyclopaedia,  App., 
p.  xxvi. 
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The  reader  who  wishes  for  further  information  should 
consult  the  elementary  works  of  De  Morgan  (just  quoted)  and 
of  Whitworth  {Choice  and  Chance);  also  the  following,  of  a 
more  advanced  character: — Laurent,  TraiU  du  Calcul  des  Pro- 
babiliUs,  (Paris,  1873);  Meyer,  Vorlemngen  iiber  JFahrscheinlich' 
keilsrechnung  (Leipzig,  1879);  Articles,  "  Annuities,"  "  Insurance," 
"  Probabilities,"  Encyclopaedia  Briiannica,  9th  edition. 

The  classical  works  on  the  subject  are  Montmort's  Essai 
d! Analyse  sur  les  Jeux  de  Hazards,  1708,  1714 ;  James  Bernoulli's 
Ars  Conjectandi,  1713;  Demoivre's  JDoctrine  of  Chances,  1718, 
1738,  1756;  Laplace's  ThSorie  Analytique  des  ProhabUiUs,  1812, 
1820 ;  and  Todhunter's  History  of  the  Thsary  of  Probability,  1865. 
The  work  last  mentioned  is  a  mine  of  information  on  all  parts  of 
the  subject ;  a  perusal  of  the  preface  alone  will  give  the  reader 
a  better  idea  of  the  historical  development  of  the  subject  than 
any  note  that  could  be  inserted  here.  Suffice  it  to  say  that  few 
branches  of  mathematics  have  engaged  the  attention  of  so  many 
distinguished  cultivators,  and  few  have  been  so  fruitful  of  novel 
analytical  processes,  as  the  theory  of  probability. 


EXEBOISES  XL. 

(1.)  A  bag  contains  4  shillings  and  4  sovereigns.  Three  coins  are  drawn  ; 
find  the  value  of  the  expectation. 

(2.)  A  bag  contains  3  sovereigns  and  9  shillings.  A  man  has  the  option, 
1st,  of  drawing  2  coins  at  once,  or,  2ud,  of  drawing  first  one  coin  and  after- 
wards another,  provided  the  first  be  a  shilling.     Which  had  he  better  do  f 

(8.)  One  heig  contains  10  sovereigns,  another  10  shillings.  One  is  taken 
out  of  each  and  placed  in  the  other.  This  is  done  twice ;  find  the  probable 
value  of  the  contents  of  each  bag  thereafter. 

(4.)  A  player  throws  n  coins  and  takes  all  that  turn  up  head ;  all  that 
do  not  turn  up  head  he  throws  up  again,  and  takes  all  the  heads  as  before  ; 
and  so  on  r  times.  Find  the  value  of  his  expectation ;  and  the  chance  that 
all  will  have  turned  up  head  in  r  throws  at  most  (St  John's  ColL,  Camb., 
1870.) 

(5.)  Two  men  throw  for  a  guinea,  equal  throws  to  divide  the  stake.  A 
uses  an  ordinary  die,  but  B,  when  his  turn  comes,  uses  a  die  marked 
2,  S,  4,  5,  6,  6 ;  show  that  B  thereby  increases  the  value  of  his  expectation 
by  6/18ths. 

(6.)  The  Jeu  dea  Noyatix  was  played  with  8  discs,  black  on  one  side  and 
VOL.  II  2  P 
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white  on  the  other.  A  stake  S  was  named.  The  discs  were  tossed  up  by  the 
player  ;  if  the  number  of  blacks  turned  up  was  odd  the  player  won  S,  if  all 
were  blacks  or  all  whites  he  won  28,  otherwise  he  lost  S  to  his  opponent 
Show  that  the  expectations  of  the  player  and  opponent  are  131S/256  and 
1258/256  respectively.     (MontmorL    See  Todh.,  Hist,  Prob,,  p.  95.) 

(7.)  A  promises  to  give  B  a  shilling  if  he  throws  6  at  the  first  throw  with 
2  dice,  2  shillings  if  he  throws  6  at  the  second  throw,  and  so  on,  until  a  6  is 
thrown.    Calculate  the  value  of  B*s  expectation. 

(8. )  A  man  is  allowed  one  throw  with  2  ordinary  dice  and  is  to  gain  a 
number  of  shillings  equal  to  the  greater  of  the  two  numbers  thrown  ;  what 
ought  he  to  pay  for  each  throw  f  Generalise  the  result  by  supposing  that 
each  die  has  7i  faces. 

(9. )  A  bag  contains  a  certain  number  of  balls,  some  of  which  are  white. 
I  am  to  get  a  shilling  for  every  ball  so  long  as  I  continue  to  draw  white  only 
(the  balls  drawn  not  being  replaced).  But  an  additional  ball  not  white  having 
been  introduced,  I  claim  as  a  compensation  to  be  allowed  to  replace  every 
white  ball  I  draw.     Show  that  this  is  fair. 

(10. )  A  person  throws  up  a  coin  n  times ;  for  every  sequence  of  m  (m  ::^  n) 
heads  or  m  tails  he  is  to  receive  2"»  - 1  shillings ;  prove  that  the  value  of  his 
expectation  is  n(n  +  8)/4  shillings. 

(11.)  A  manufacturer  has  n  sewing  machines,  each  requiring  one  worker, 
and  each  yielding  every  day  it  works  q  times  the  worker's  wages  as  net  profit. 
The  machines  are  never  all  in  working  order  at  once  ;  and  it  is  equally  likely 
that  1,  2,  8,  .  .  . ,  or  any  number  of  them,  are  out  of  repair.  The  worker's 
wages  must  be  paid  whether  there  is  a  machine  for  him  or  not.  Prove  that 
the  most  profitable  number  of  workers  to  engage  permanently  is  the  integer 
next  to  n^/(g + 1)  -  J.     (Math.  Trip. ,  1876. ) 

(12.)  A  blackleg  bets  £5  to  £4,  £7  to  £6,  £9  to  £5  against  horses  whose 
chances  of  winning  are  f ,  J,  i  respectively.  Calculate  the  most  and  the 
least  that  he  can  win,  and  the  value  of  his  expectation. 

(13.)  The  odds  against  n  horses  which  start  for  a  race  are  a :  1 ;  a  + 1 : 1 ; 
...,a+n-l:l.  Show  that  it  is  possible  for  a  bookmaker,  by  properly 
laying  bets  of  different  amounts,  to  make  certain  to  win  if  n>(a  +  l)(e+l), 
and  impossible  if  n<a(«- 1),  where  e  is  the  Napierian  base. 

(14.)  If  A,  denote  the  value  of  an  annuity  to  last  during  the  joint  lives  of 
p  persons  of  the  same  age,  prove  that  the  value  of  an  equal  annuity,  to  con- 
tinue so  long  as  there  is  a  survivor  out  of  n  persona  of  that  age,  may  be  found 
by  means  of  the  formula 

n(n-l)        n(n-l)(n-2) 
«Ai 2-,-A5+ — Aj-.  .  .±A^,. 

(15.)  M  is  a  number  of  married  couples,  the  husbands  being  m  years  of 
age,  the  wives  n  years  of  age.  What  is  the  number  of  living  pairs,  widows, 
widowers,  and  dead  pairs  after  t  years  ? 

Work  out  the  case  where  M=500,  m=40,  n=80. 

(16.)  If  Sa.fr  have  the  meaning  of  §  16,  show  that 
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(17.)  Find  the  probability  that  a  man  of  80  survive  one  or  other  of  two 
men  of  90  and  95  respectively. 

(18.)  If  Of, m. til  •  •  •  denote  the  present  value  of  an  immediate  complete 
annuity  of  £1  on  the  joint  lives  of  a  set  of  men  of  I,  m,  n,  .  .  .  years  of  age 
respectively,  show  that  the  present  value  of  an  immediate  annuity  of  £1 
which  is  to  continue  so  long  as  there  is  a  survivor  out  of  k  men  whose  ages 
are  Z,  7n,  n,  .  .  .  respectively  is 

'      Sa,-2a,.«  +  Sa,.«.n~.  .  •     • 

(19.)  What  annual  premium  most  a  married  couple  of  ages  m  and  n 
respectively  pay  in  order  that  the  survivor  of  them  may  ei^'oy  an  annuity  of 
£1  when  the  other  dies ) 

(20.)  Calculate  the  annual  premium  to  insure  a  sum  to  be  paid  n  years 
hence,  or  on  the  death  of  the  nominee,  if  he  dies  within  that  time. 

(21.)  Show  how  to  calculate  the  annual  premium  for  insuring  a  sum  which 
diminishes  in  arithmetical  progression  as  the  life  of  the  nominee  lengthens. 

(22. )  An  annuity,  payable  so  long  as  either  A  (m  years  of  age)  or  B  (n 
years  of  age)  survive  C  {p  years  of  age),  is  to  be  divided  equally  between  A 
and  B  so  long  as  both  are  alive,  and  is  to  go  to  the  survivor  when  one  of  them 
dies.     Show  that  the  present  values  of  the  interests  of  A  and  B  are 

and  an-iam,n'an,p+iam.n.p 

respectively. 

(23. )  If  the  population  increase  in  a  geometrical  progression  whose  ratio  is 
r,  show  that  the  proportion  of  men  of  n  years  of  age  in  any  large  number  of 

the  community  taken  at  random  is  (2„/r")/Z(/|,/r^). 
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RESULTS   OF   EXERCISES. 


I. 

(1.)  504000.  (2.)  1210809600.  (8.)  720.  (4.)  12.  (5.)  6.  (8.)  5040; 
64864800.  (9.)  1236520.  (10.)  6188 ;  3008  ;  3185.  (11.)  408408  ;  18  ways 
of  setting  together  on  the  front,  10  ways  of  setting  at  equal  distances  all 
round.  (12. )  (19C4 18C4 + 18C4  wCs  »Ci  +  17C4  laC,  »Ca + ieC4  uCi  sCs + I8C4  »C4)4P4'. 
(13.)  ioC8»C5  8oCio'(»C9o.  (14.)  172800.  (16.)  267148.  (16.)  1814400,  if 
clock  and  counter-clock  order  be  not  distinguished.  (17. )  2(271*  -  SnH-  2)(2»  -  2) !. 
(18.)  960.  (19.)  »C4  7C8  7P7;  9C47C84P4SPS.  (20.)  52!/(18!)*;  89!/(13!)». 
(21.)  32  !/(12  !)«8 !.  (22.)  64  !/(2  !)«(8  !)232 !.  (28.)  26  ;  186.  (24.)  286  ;  84. 
(26.)  {p  +  q)\lplql;  {p  +  qr)lp\{qr)\;  a  little  over  6  years. 

II. 

(1.)    448266240a:».      (2.)   -2093.       (8.)    2«.1.3  .  .  .  (27i-l)/n!.       (4.), 
(-)n+r(2n)!/(7i  +  r)!(w-r)!.     (6.)  2«-.1.3  .  .  .  (4n-l)/(27i)!.     (6.)  If  »  be 
even,  the  middle  term  is  {nll(in)\}af*^ ;  if  n  be  odd,  the  two  middle  terms 
are  {nlli{n  -  l)Ii(7i  +  1)!}  {2jb<»-i)/«  +  Jx("+i)/»}.  (11.)     (2V3  +  3)«'» 

+  (2 V8  -  3)>«  - 1  ;  (2 V3  +  8)*»+i  -  (2 V8  -  3^^^  (15. )  K^  + 1).  (16. ) 
2«-H2  +  n).  (27.)  r+1.  (28.)  10.  (29.)  i(n»  +  lln).  (32.)  190274064. 
(33.)  2o7+  72a«6  +  21  2a«6»,+  422o»6c  +  35  2a*6»  +  105  2a«6»c  +  210I^bcd  + 
1402:a'6*c  +  2102a»frV  +  4202a362crf  +  6302a262(rW.     (87.)  23!/(4!)«5». 

III. 

(1.)  944.  (2.)  20.  (8.)  (7i  +  l)(7H-2)(»+3)(n+4)(w  +  5)/51  if  the 
separate  numbers  thrown  be  attended  to  ;  57^+1  if  the  sum  of  the  numbers 
thrown  be  alone  attended  to.  (4.)  231.  (6.)  ^iCn.  (7.)  62.  (8.)  15nCfl. 
(11.)  (2?i)!/2"7i!.  (18.)  (N+a  +  6+c-8)!/a!6!c!.  (15.)  1  or  0  according  as 
n  is  even  or  odd  ;  {(1  +  V5)»^i  -  (1  -  V5)"+n/2^V5.  (17.)  2«.iCr-i  n-iCr-i. 
(18.)  116280. 

V. 

(1.)  x/y  must  not  lie  between  1  and  ^/a*.  (2.)  x  must  lie  between 
i(7  -  V63)  and  i(7  +  ^/5^),  (8.)  x  between  {dc  -  h^)l{ad  -  be)  and 
[dP-ab)l(ad-bc),  and  y  between  {ab-(^)l(ad-bc)  and  (a^'-ed)l(ad-be). 
(16.)  Greater.     (17.)  Less.     (89.)  3^'^ 
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VI. 

(1.)  Sabc.  (2.)  abc/By/Z,  (4.)  d^/3^-^  is  a  minimum  value  if  m  do  not 
lie  between  0  and  1,  otherwise  a  maximum.  (6.)  Minimum  when 
■apxP=bqi/9=:a^,  (7.)  There  is  a  maximum  or  minimum  when  {x  +  l)  log  a 
=  (y + Til)  log  b={z+n)  log  c,  according  as  log  a  log  b  log  e  is  positive  or  nega- 
tive. (8. )  x= (n5/ma)i/("«^>.  (9. )  a:  =  1 ,  a; = 38/1 5  give  maxima  ;  a: = 2,  a;  =  3 
minima.  (10.)  JoAc.  (11.)  Minimum  when  x=7ncl{m-n),  y=«c/(m-n). 
<15.)  Minimum  2 V(a*)/(«  + ft). 

VII. 

(1.)  8,  00.  (2.)  9/4.  (8.)  logl3/7.  (4.)  in(n  +  l).  (5.)  0.  (8.) 
<i*^+^*~P-fm/p.  (7.)  a^''**mln,  (8.)  n^,  oo,  mp  according  as  p>  =  <q,  (9.) 
(?»«-m7i+7i2)/(m'+mn+»').  (10.)  l/2a.  (11.)  dr-pVpvqjp,  (w.)  a*. 
<13. )  16a/9.  (14. )  1.  (15. )  p,  (18. )  ^{n  - 1)3^-\  (17. )  a^^-f-affr^tn  -  »)/ 
n^(p-q),  (18.)  (n-l)/2a.  (19.)  log  a.  (20.)  1.  (21.)  1.  (22.)  1. 
(28.)  1.  (24.)  00.  (25.)  oo  if  aj=l  +  0,  0  if  a;=l-0.  (28.)  «*.  (27.) 
0  if  »  be  negative,  if  ro  be  positive  0  or  oo  according  as  a<>  1.  (28.)  1. 
(29.)  1.  (30.)  0  or  00  according  as  m-xn,  (31.)  oo  or  0  according  as 
«><1.  (32.)  1.  (33.)  c*.  (34.)  00.  (35.)  VW-  (3«-)  Exp  (2  >J/8). 
(87.)  00  or  0  according  as  Xi(<v-i  -  &r-i)  is  positive  or  negative.  (38.)  1. 
(39.)  0.  (40.)  1.  (41.)  2.  (42.)  1.  (43.)  1.  (44.)  1.  (46.)  Jx.  (48.)  0. 
(47.)  2  cos  a.  (48.)  0.  (49.)  -2.  (50.)  1.  (61.)  i  (52.)  1.  (53.)  1. 
(54.)  0.  (55.)  0.  (58.)  1.  (57.)  logm/logn.  (58.)  1.  (59.)  1.  (80.)  1. 
<81.)  1.  (82.)  er'^\  (88.)  «-««*/<  (84.)  c*".  (85.)  2/t.  (74.)  See 
chap.  XXX.,  §  28. 

VIII. 

(1.)  Div.  (2.)  Div.  (3.)  Conv.  if  a;  be  positive.  (4.)  Conv.  (5.)  Div. 
(8.)  Div.  if  moda;>a;  conv.  if  mod  a; >  a.  (7.)  Conv,  ifa;<4  ;  div.  ifa;-t4. 
(8.)  Conv.  (9.)  Div.,  (a:<l).  (10.)  Conv.  (11.)  Div.  (12.)  Conv.  if  a>l; 
div.  if  o>l.     (18.)  Div.     (14.)  Div.     (15.)  Abs.  conv.     (18.)  Div. 

IX. 

(1.)  (-)»-23.1.1.3  .  .  .  (2r-5)/2.4.6.8.  ..  2r.  (2.)  1.3.  .  .  (2r-l)/ 
2.4  ..  .  2r.  (3.)  8.7.11  .  .  .  (4r-l)/4.8.12  .  .  .  4r.  (4.)  2.1.4.7  .  .  . 
(8r- 5)22.^/12. 24. 36. 48  .  .  .  12r.  (6.)  (-)'^4.2  .  .  .  {Zr  -  i)a^-^lr\. 
(8.)  -1.2.5  ..  .  (8r-4)ai-»'/8.6.9  .  .  .  8r.  (7.)  -(n-l)(2n-l)  .  .  . 
(nr-n-l)/r!.  (8.)  1.4.7  .  .  .  (8r/2 - 2)/(r/2) !  ifrbeeven;  0  ifrbeodd. 
(9.)  (-)»?i(n  +  l)...(7i+«r-w)-l)/{Kr-«)}!.  (10.)  1  +  Ka;/a)  +  J(aj/a)> 
+  WP^I(if'  (11-)  The  first  (12.)  The  third.  (18.)  The  fourth  and  fifth. 
(14.)  The  eighth,  (15.)  If  w=l,  the  2nd  and  8rd  ;  if  n=2,  the  2nd  ;  if  n-t8, 
the  1st  (19.)  If  m=0,  S=a  ;  ifm=l,S  =  6;  ifn>l,  S=0 :  if  n<l  (+0) 
the  series  is  divergent  (22. )  1  -  1/2,  (28. )  If  m  -t  1,  S = w(m  -  l)2«-»  ;  if 
m=0,  S=0. 
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X. 

(1.)  21/a'(c-a)(a-6)..  (2.)  0.  (3.)  21/a^^-«-^/(c-a)(a-5).  (4.) 
2r+l  +  l/2^i.  (5.)  r,ifr^beeven  ;  r-l,ifr=4«  +  l ;  r  +  l,if  r=«-l.  (6.) 
nHrg^-«Ci.«H^ii?5^i+«Ca.nH^sy»3'-a+  .  .  .  (15.)«n  +  l)(n+2)(n+3). 
(19.)  1-1.3  .  .  .  (2n-l)/2"ti!.     (20.)  7.10  .  .  .  (3n  +  l)/3.6.  .  .  (3w-3). 

XI. 

(2.)  275/128.  (3.)  869699/256.  (4.)  48  ;  0.  (5.)  11989805/2048.  (6.) 
(-)*'{('--l)  +  (»"  +  5)/2^«}.  (10.)  1-0001005084  ;  1*0004000805.  (11.)  2»wr. 
(12. )  1  +  2a<l  -  r«)/(l  -  r).     (13. )  1  +  ( -  )"-^/2». 

XII. 

(1.)  -367879.  (2.)  '04165.  (6.)  (l-a;)V.  (6.)  3(6-1).  (7.)>  +  l. 
(8.)  1/e.     (9.)  15e. 

XIII. 

(4.)  917.  (5.)2log{(a:-l)/(a;+l)}+log{(a5+2)/(a!-2)}.  (6.)  log(12e). 
(7.)  (l  +  l/aj)log(l+a:)-l.  (8.)  i(x-x-^)\og{(l+x)l{l-x)} +i,  (9.) 
When  x=l  the  sum  is  18-24  log2.  (10.)  }.  (12.)  2{a*'-«/(8«-2) 
+a**-V(3«  - 1)  -  2a*»/3»} . 

XXV. 

(1.)  in(n  +  l)  +  J(r-2)?i(7i  +  l)(w-l).  (2.)  in(n+l)(w+4)(»  +  5).  (8,) 
8/4-l/2»-l/2(n+l).  (4.)  1/16-1/6(5^1+8).  (5.)  l/12-l/4(2n+l)(2w+8). 
(6. )  1/18  - 1/3(71 + 1)  (n + 2)(?i + 3).  (7.)  a/2  +  6/4  -  a/(n + 2)  -  6/2(»  +  l)(n + 2). 
(8.)  l/8-(4w  +  3)/8(2n  +  l)(2»  +  3).  (9.)  7/86-(3»  +  7)/(7i  +  l)(w+2)(7H.3). 
(10.)  ll/180-(6w  +  ll)/12(2n+l)(2u  +  3)(2n+6).  (11.)  3/4+n-(2»+8)/ 
2(w+l)(n+2).  (12.)  «n=(»+l)^n+3)(7i  +  5)/«(?i+l)...(ri+6);  apply 
§  3,  Example  4.  (13.)  sin^  8ec(n  +  l)^8ec^.  (14.)  cot  (^/2")/2*  -  cot  ^. 
(15.)  tan-lna^  (16.)  tan-U  +  tan-n/2- tan-n/»-taii-U/(»  +  l).  (17.) 
(w  +  »)l/(m+l)(7i-l)!.  (18.)  {l/(m-l)l-(n+l)!/(m+«-l)!}/(m-2). 
(19.)  (-)*«-iC».  (21.)  {m-l-(7i+l)!/m"»'}/(m-2).  (22.)  (a'«^'/c>»»'- 
a'H-ii)/(a-c+r+l).  (28.)  (a"H-27c'«+H-ii-a/c"')/(a-c-»-+l).  («*•) 
{(a-l)'«-i'/c'"-i'-(a+n)«"»-i7(c  +  n  +  l)'»»-i'}/(m-l)(a-c-l).  (25.) 
Deduce  from  (24).  (26.)  Deduce  from  (24).  (27.)  2m{l-(-)«»2^m-l) 
(m-2). . .  (m-n)/1.8. . .  (2w-l)}/(2m-l). 

XXVI. 

(1.)  2«+i  +  ^3^-1  _  3).        (2.)  i{l  +  (  -  1)«}  +  6  -  3{i«+i  +  (  -  t)«+i)  - 
i^{i«-  ( -  i)-}.         (8.)   11  {1  -  (4a:)«+n  /  {1  -  4a:}  -  9  {1  -  (8x)»+i}  /  {1  - M ; 
(2  +  8a:)/(l-7a:+12aji),  x<l      (4.)  8{l-(2a:)»+-i}/(l -2»l +2^1-^Sxr-^>| 
{l-3;r},.   (6-18a5)/(l-6x  +  6aj»),   a!<J.         (5.)  i{l  -  (8x)«+n /Ul-axi  + 
i{l-(5^)'H-2)/|i_.g^^.  (i_4aj)/(l-8x+16a?),  x<i.       («•)  » l^ - ^^ia^'^^M 
{l-2a?}-2/l-a:>^i}/{l-aj};  (l+x)/(l-8x+2ar»),  x<i. 
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XXVII. 

(1.)  (l  +  2a:»)/(l-«3)».  (2.)  -[log{(l-a:)/(l+a;+a?)}-V3tan-MV3a:/ 
(2  +  aj)}]/3a:;  ^{e'  +  2e-'^coB(\/dx/2)},  (4.)  i [«-'+«*'*{ cos (V8a;/2)  +  V3 
8in(V8x/2)}].  (5.)  J(2»»  +  2co8.mTr/3);  §3'»^cos.wt/6.  (6.)  1/2-1/(71  +  2)1. 
(7.)  {2'*+^-l-(m  +  8)(7/i  +  4)/2}/(//i  +  l)(m  +  2)(m  +  3).  (8.)  l/(l+a;)- 
log  (1  +  x),  (9. )  4  cos  ^  -  J  cos  20.  (10. )  1  -  (271  +  Z)l{n  +  2f,  (11. )  2  -  4  log  2. 
(14. )  sin  mjrimjr  ;  cosh  inv, 

XXVIII. 

The  partial  quotients  are  as  follows : — 

(1.)  0,  4,  1,  6,  2.  (2.)  0,  2,  4,  8,  16.  (8.)  1,  16,  1,  1,  1,  3,  1,  14,  1.  1, 
6.       (4.)  31,  1,  1,  1,  1,  1,  1,  1,  1,  3.       (B.)  2,  1,  2,  1,  1,  4,  1,  1,  6,  3,  12,  8, 

6,1,2.       (6.)  0,  126,  1,  1,  2,  1,  1,  6.       (7.)  1,  2.       (8.)  2,  4.       (9.)  3,  3,  6*. 

(10.)  3,  6.        (11.)  3,  2,  6.        (12.)  1,  I,  2.        (18.)  2,  1,  2.        (14.)  8,  1,  5. 

(16.)  0,  2,  i  ;  0,  i.       (17.)  a,  2,  2a;  a- 1,  2,  2(a-l). 

XXIX. 

(1.)  The  1st,  2nd,  3rd,  . ".  .  convergents  are  1,  2/3,  9/13,  20/29,  29/42, 
78/113,  .  .  . :  the  errors  corresponding  less  than  1/3,  1/39,  1/877,  1/1218, 
1/4746,  1/17515,  .  .  .  (2.)  972/1393.  (8.)  2177/628.  (4.)  Transite  at 
the  same  node  will  occur  8,  243,  .  .  .  years  after :  after  8  years  Venus  will 
be  less  than  1'''5  from  the  noda  (6.)  Transits  at  the  same  node  will  occur 
13,  33,  .  .  .  years  after. 

XXXI. 

(1.)  10,  20  ;  (2.)  0,    1,  126,    2  ; 

0,  10,  0,    0,    63,  63  ; 

i.  64,  6*3,      1. 

(8.)  1,    6,    3,    1,    8,    1,3,    6,    2; 
0,  12,  13,    8,  12,  12,  8,  13,  12 ; 
12,    6,    7,  20,    3,  20,  7,    6. 
(4.)  0,7,    1,4,3,1,2,2,1,8,4,    1,14; 
0,0,    7,5,7,6,4.6,4,6,7,    5,    7; 
61,  1,  12i  3,  4,  9,  6,  5,  9,  4,  3,  1*2. 
(R)  i,    2,10,    2,    i;  (6.)  2,4; 

1*0,  16,  26,  26,  16  ;  2,  2  ; 

2*5,  20,    5,  20,  2*6.  2,  1. 
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(W.)  «+2aT*    a  +  (o*-^-/3"-*)/(o*-/9"),   o    and    p   being    the    roots   of 

ar»  -  2<m;  - 1  =  0.  (11.)  i{a  +  \J{a^  +  4) } ;  (o»+i  -  /3»+i)/(o*  -  /3»),  where  a  and 
i9  are  the  roots  of  ai»  -  oa:  - 1 = 0.  (12.)  J  { a  -  V(a'  -  4)} ;  (a»  -  /3-)/(o*+i  -  ^i), 
where  o  and  /9  are  the  roots  of  a;"  -  oa; + 1  =  0.  (18.)  {  -  aft  +  V(a'^ + 4aJ)} /2a ; 
if  a,  /9  be  the  roots  of  a:*-(a6  +  2)a;  +  l=0,  then  ^9i»  =  2»(a'' - /3")/(a - /3), 
S'2n  =  (a»H-i-/3*^-i-o*  +  /3-)/(a-i9),  and  jJSm-i  =  (!>»•  -  ^^-s)/*,  ffan^i  =  (^aii - 
?a.*-a)/6.  (14.)  -1  + V[{3(a"-/3-)  +  2(a«-i-/3^i)}/(a'H-i_/3-+i)l  where  o 
and  i9  are  the  roots  of  ai*-a;- 1  =  0.  (20.)  -in+ ^/[{(Jw'^-7^)(o*-l-/5*-l)  + 
(iw^+l)(a*-'-j8»-»)}/(a"-/3«)l  where  a  and  /3  are  the  roots  of  a?-a5-l=0. 

XXXII. 

(1.)  3  +  7^  2-5«.  (2.)  17^+7,  16^  +  6.  (3.)  2206-7^  11^-8309.  (4.) 
1018^-3021766,1367^-4077746.  (5.)  18.  (6.)  280.  (7.)  6.  (8.)  If 
25  fr.  =20s.,  41.  (9.)  Buy  300  of  each  and  spend  1021d.  (10. )  69.  (12.) 
19.     (18.)  716.     (14.)  697. 

XXXIV. 

(1.)  Converges.  (2.)  Converges.  (8.)  Oscillates.  (4.)  Convei^es.  (6.) 
Converges.  (6. )  Converges.  (7. )  Converges  if  it  >-  2,  oscillates  if  A;  >  2.  (8. ) 
Ck>nverges.  (9.)  Oscillates.  (10.)  OsclUates,  (16.)  Each  of  the  fractions 
converges  to  1.     (23.)  e,     (24.)  l/(l-«).     (26.)  log,2.     (26.)  (8-«)/(«-2). 

XXXIX. 

(1.)  11/30.  (2.)  3/11,  29/44,  8/44.  (8.)  w(m+2n)/(m+w)«,  m(OT+2n- 1)/ 
(m+Ti)(m  +  w-l).  (4.)(865.4»  +  l)/(1461)«.  (6.)  4/9.  (7.)  55/672,  299/2688. 
(8.)  1/42.  (9.)  (n-l)/n(2n-l).  (10.)  (39!)V26!52I,  4(89!)>/26!62!.  (11.) 
2(r-l)/n(n- 1).     (18.)  7tt/2,  or,  if  this  be  not  integral,  the  two  integers  on 

w+l 
either  side  of  it       (14.)  2  r(r-l)w(7i-l).  .  .  (w-r+2)/n'-.      (18.)  16/31, 

r=2 
8/31,  4/31,  2/31,  1/31.    (19.)  The  chances  in  A*s  favour  are  6/10,  7/10,  8/10, 
9/10,  when  he  is  1,  2,  3,  4  up  respectively.     (20.)  25  to  2.     (28.)  (1  -  l/n)/2, 
(l-l/n)/(2-l/7i). 

XL. 
(1.)  £1:11:6.     (2.)  His  expectations  are  lis.  6d.  and  10s.  4id.  respect- 
ively.    (8.)  £8:5: 9i,  £2:4: 2J.     (4.)  n(l  - 1/2^),  (1  - 1/2')».     (7. )  78.  2Jd. ; 
(7H-l)(47i- l)/6?i.     (12.)  £6,  £1,  £4:2: 2*. 
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The  Roman  numeral  refers  to  the  parts,  the  Arabic  to  the  page. 


ABBL,  u.  119,  122,  127,  130,  268 

Adams,  ii.  219,  227 

Alkhayami,  ii.  423 

Allardice,  i.  441 

Archimedes,  ii.  415 

Argand,  i.  222,  254 

Arndt,  ii.  478 

Babbaqb,  ii.  156 

Bernoulli,  James,  it  204,  208,  252,  377, 

379,  559,  577 
BernouUi,  John,  il  251,  274,  842,  377, 

556' 
Bertrand,  iL  112,  118,  159 
Bezout,  i.  358 
Blissard,  i.  84 
Bombelli,  L  201 
Bonnet,  ii.  118,  159 
Boole,  ii.  209,  372 
Boorguet,  ii.  159,  229 
Briggs,  i.  529 
Briot  and  Bouquet,  ii.  370 
Brouncker,  ii.  327,  421,  451,  488 
Burckhardt,  ii.  508 
Bttrgi,  L  530 
Cardano,  i  258 

Catalan,  iL  159,  196,  227,  229,  390 
Cauchy,  i.  77,  254  ;  ii.  42,  47,  83,  97, 

98,  110,  118,  127,  147,   164,   202, 

204,  215,  263,  316,  820,  370 
Cayley,  iL  38,  287,  289,  301,  347 
Clausen,  iL  322,  475 
Clerk-Maxwell,  ii.  301 
Cossali,  L  191 
Cotes,  i.  247 
Cramer,  ii.  370 
Dasb,  iL  508 
De  Gua,  ii.  370 
De  Morgan,  L  254,  346;  iL  112,  118, 

360,  370,  394,  550,  576 
Demoivre,  i.  239,   247;  ii.  274,  282, 

375,  377,  879,  381,  385,  546,  564, 

569,  577 
Desboves,  ii.  63 
Descartes,  L  201 
Diophantos,  iL  445 
Dirichlet,  ii.  95,  126,  133,  424,  445 


Du  Bois  Reymond,  iL  119,  130,  181, 
160 

Dur6ge,  ii.  370 

Ely,  iL  209,  320 

Euclid,  L  47,  272 

Euler,  L  254 ;  ii.  81,  97,  164,  228,  256, 
274,  309,  315,  817,  318,  819,  320, 
321,  324,  334,  339,  341,  842,  882, 
392,  421,  466,  468,  484,  487,  498, 
611,  522,  523,  525,  527,  628,  535 

Favaro,  ii.  421 

Fermat,  iL  450,  471,  618,  622,  563 

Ferrers,  iL  534 

Fibonacci,  i.  202 

Fort,  iL  77 

Fourier,  iL  122 

Franklin,  ii.  88,  535 

Frost,  iL  99,  370,  871 

Galois,  iL  477 

Gauss,  L  46,  254  ;  ii.  81, 160,  309,  821, 
445,  495,  514,  522,  525 

Glaisher,  L  172,  580  ;  iL  216,  388,  347, 
871,  884,  395,  508 

Goldbach,  ii.  395 

Grassmann,  L  254 

Gray,  iL  219 

Greenhill,  ii.  289 

Gregory,  iL  97 

Gregory,  James,  iL  309,  827 

Grillet,  u.  59 

Gronau,  iL  289 

Gross,  iL  513 

Gudermann,  iL  287,  289 

Giinther,  iL  288,  421 

Hamilton,  L  254 

Hankel,  L  5,  254. 

Harriot,  L  201 

Heilermann,  iL  490 

Heine,  ii.  95,  499 

Heis,  iL  289 

Herigone,  i.  201 

Hermite,  ii.  445 

Hero,  L  83 

Hindenburg,  ii.  467 

Homer,  L  346 

Houel,  ii.  288 
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Hutton,  i.  201 

Huyghens,  ii  421,  552,  559,  564 

Jacobi,  ii.  445 

Jensen,  ii.  160 

Jordan,  l  76  ;  ii.  32 

EoHK,  ii.  119 

Kramp,  u.  4,  374 

Eronecker,  ii.  213 

Eummer,  ii.  119,  160,  445 

Lagranob,  i  57, 451 ;  il  370, 421, 423, 

425,  450,  522,  525 
LaUant,  ii.  289,  312,  334 
Lambert,  L  176  ;  ii.  288, 321,  421,  489, 

495 
Laplace,  ii  50,  577 
Laurent,  ii  160,  551,  577 
Legends,  ii  445,  484,  495,  535 
Leibnitz,  ii  809,  377 
Lionnet,  ii.  225,  228 
Lock,  il.  247 
Longchamps,  ii  97 
Macdonald,  i  530 
Machin,  ii.  309 
Malmsten,  ii.  80,  118 
Mascheroni,  ii  81 
Mayer,  F.  C,  ii.  288 
Mercator,  ii  288 
Mertens,  ii  127 
Metios,  ii  415 
Meyer,  ii.  577 
Mobius,  ii  871,  466,  476 
Montmort,  ii  379,  381,  556,  564,  577, 

578 
Muir,  i  358 ;  ii  311,  443,  466,  469, 

474,  475,  476,  490 
Napibb,  i  171,  201,  254,  529 
Netto,  ii  32 
Newton,  i  201,  436,  472,  474,  479  ;  ii 

256,  306,  827,  349,  362,  370,  375, 

563 
Nicolai,  ii  81 
OuoHTRBD,  i  201,  256 
Paoioli,  i  202 
Pascal,  i  67 ;  ii  556,  563 
Paucker,  ii  119 
Peacock,  i  254 
Pfaflf,  ii  811 


Pringsheim,  ii.  161 

Puiseauz,  ii  370 

Purkias,  ii  61 

Pythagoras,  ii  503 

Raabe,  ii.  118,  348 

Recorde,  i  216 

Reynaud  and  Duhamel,  ii  49 

Riemann,  i  254  ;  ii  241,  301 

Radolf,  i  200 

Salmon,  i  440 

Sang,  i  530 

Scheubel,  i  201 

SchlomUch,  ii.  45,  51,  80,  98, 160,  186, 

335,  349,  478,  495 
Seidel,  ii  131,  478 

Serret,  i  76  ;  ii  32,  416,  425,  443,  453 
Shanks,  ii.  3l0 
Sharp,  ii.  809 
Smith,  Henry,  ii  445,  471 
Sprague,  i  531 ;  ii  88 
Stainyille,  ii.  311 

Stem,  ii  421,  469,  477,  478,  489,  497 
Stevin,  i  171,  201 
Stifel,  i  81,  200 

StirUng,  u.  344,  375,  378,  395,  561 
Stolz,  ii  157,  161,  370 
Sutton,  i  531 
Sylvester,  i  48, 176 ;  ii  466,  475,  528, 

533 
Tait,  ii  229 
Tartaglia,  i  191 
Tchebichef,  ii.  169 
ThomA,  ii  160,  370 
Todhunter,  ii  247, 252, 646, 652, 556, 577 
Van  Cbulbn,  ii.  309 
Vandermonde,  ii.  9 
Venn,  ii.  539 
Vi^te,  i  201  ;  ii  252 
Vlacq,  i  530 

Wallace,  ii.  288,  290,  291 
Wallis,  ii  327,  421,  450,  499,  509 
Waring,  ii.  391,  525,  527 
Weierstrass,  i  230  ;  ii.  138,  144,  161 
Whitworth,  ii.  26,  33,  637,  561,  577 
Wilson,  ii  523 

Wolstenhohue,  i  443 ;  ii  17, 33, 348, 619 
Wronski,  ii  188 


THE  END. 


Printed  hR,&^.  Clark,  EdMurfk. 
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